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I.   Research Abstract 
The process of chloride ingress into concrete is the most destructive method of 
concrete deterioration and is currently costing developed countries approximately 
2.5% of national annual GDP. As the effects of climatic change become more 
evident and extreme, there is growing pressure on seaport infrastructure 
stakeholders to ensure that their assets are resilient to the effects of a more 
aggressive and corrosive climate. In almost all previous literature on condition 
modelling of concrete structures, a static or at least annually cyclic environment 
is assumed. However, given the anticipated changes in climatic parameters, this 
research is aimed to address the need for understanding the impact of a changing 
climate on chloride ingress into concrete.  
A comprehensive review of literature identified the current models of chloride 
ingress in concrete, as well as experimental procedures adopted in measuring 
chloride ingress in the laboratory. Also, a review of literature on climate models 
predicting future climate are examined. The major gap in knowledge is identified 
as the inability of the current models of chloride ingress into concrete to account 
for the changes in sea salinity as a consequence of climate change. The Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) 
was selected as the document to guide the research.  
A comprehensive experimental program was planned and conducted to 
understand the effect of environmental parameters on chloride ingress in 
concrete. Parameters investigated include salinity, humidity, temperature, and 
concrete mix design. Quantification of chloride ingress was achieved through 
permeability testing, chloride content testing at various depths and x-ray 
tomographic studies. Results of the experimental study clearly indicated that 
environmental changes had a significant impact on the chloride ingress rates 
within concrete.  
Using a statistical analysis, an empirical relationship was developed referencing 
environmental parameters and chloride ingress in concrete. Microtomographic 
studies provided a 3D quantification of voids within the concrete samples. A 
numerical model was developed to forecast corrosion initiation time using the 
newly developed equation for forecasting chloride ingress as an influence of sea 
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salinity. The model was used to predict the corrosion initiation time in a port 
structure. Results indicated a good agreement with the chloride measurements in 
the port structure which was proven with a further numerical analysis on the 
statistical significance. A remedial treatment was examined in the laboratory 
using a well-planned experimental study. Effectiveness of the treatment was 
measured in the laboratory using Scanning Electron Microscopy, permeability, 
flexural and compressive strength testing, as well as carbonation and chloride 
ponding tests. Whilst the treatment examined did not demonstrate a convincing 
benefit, the study conducted led to development of a comprehensive methodology 
for evaluation of treatment options. 
Another major finding of the research is the observation that the environmental 
conditions and subsequent chloride ingress influence changes in the 
microstructure of surface concrete demonstrating an increase in degradation of 
the concrete leading to an increased porosity. The research in this area need to be 
continued to further examine this effect.  
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1 
CHAPTER ONE: INTRODUCTION 
1.1. Introduction to topics 
The production of Portland cement worldwide is attributable to around 7% of 
world greenhouse gas emissions (Mehta, 2001, Berry et al., 2009). Reducing 
environmental impact of the concrete industry has led to a significant volume of 
published research. In contrast, the concrete industry is susceptible and 
vulnerable to a changing climate which has not yet attracted the same attention. 
As the impacts of climate change become more apparent, there is a growing need 
for material scientists and engineers to review the condition deterioration 
methodologies that have been used historically, and begin to explore the impact 
of changing climate on the current predictions. Within a climate change context, 
there is a consolidated view that the long-term forecast environment will deliver 
a harsher corrosive environment with respect to sea surface salinity 
concentrations, temperature and humidity while also increasing the likelihood of 
deleterious events such as storm surges and hurricanes.  This variability creates 
the demand for additional research which is required to more accurately 
understand what impacts these changes will have. In almost all previous 
literature on condition modelling of concrete structures, a static or at least 
annual cyclic environment is assumed. However, given the anticipated future 
changes in climatic parameters, the impact of climate change on the chloride 
ingress in concrete has not been considered in previous work. 
The chloride induced corrosion of reinforced concrete structures is the most 
destructive mechanism of concrete deterioration and is currently costing 
developed countries approximately 2.5% of national annual GDP. A key process 
in this deterioration is the ingress of chloride into the concrete, particularly in 
marine environments. As the extreme effects of climate change are recognised, 
there is growing pressure on seaport infrastructure stakeholders to ensure that 
their assets are resilient to the effects of a more aggressive and corrosive climate. 
This research will address the long-term impacts and provide an end-to-end tool 
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for infrastructure stakeholders to be able to report, plan, and assess the 
serviceability and lifespan of their assets with a more realistic and accurate 
impact of climate change.  
With the prominence of chloride ingress affecting such a large portion of critical 
infrastructure within society, the importance of recognising the impact of the 
environment is key to the accurate modelling of the rate of chloride ingress into 
concrete. As this research will later demonstrate, any variance of the rate of 
chloride ingress, and in fact, the diffusion coefficient of a particular concrete 
asset; will have a systemic impact on the time taken to reach to the critical 
chloride level within the concrete, and in turn; corrosion initiation.  The 
mechanisms of chloride transport through the pore matrix of concrete will 
respond in different ways depending on the physical makeup of the material and 
the environment that they are subjected to.  
Over the past two centuries of widespread manufacture and usage of Portland 
cement, concrete structures have been exposed to a generally static or annual 
cyclic environment. The Intergovernmental Panel on Climate Change (IPCC) 
noted in the 4th assessment report the impacts of an increase of carbon dioxide to 
concentrations exceeding 400ppm and the consequence that this has on the 
surrounding temperature, humidity and sea surface salinity.  
Across chloride ingress literature there is acknowledgement that temperature, 
humidity and sea surface salinity will; have a profound effect on the rate of the 
ingress of chlorides when explored in isolation. This research will incorporate 
these variables in simultaneous modelling which has been overlooked to date; 
most notably whereby long-range forecasting and variability in magnitude of 
these elements are concerned. Within the environmental variables, the 
temperature has shown to provide the highest influence on the rate of ingress 
which impacts the absorption rate of the concrete and the depth of saturation 
and evaporation during wetting and drying cycles. Likewise, the external 
humidity which has been shown to increase the internal pore moisture capacity 
will also support the capillary suction transport mechanism in the movement of 
chlorides through the pore matrix.      
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1.2. Gaps within knowledge  
There is an emerging body of research which has grown in prominence as the 
impacts of effects of climate change and the extent of the effects come to light. A 
consistent trend of previous work has identified the effects of environmental 
variables, namely temperature and humidity in isolation through in-field case 
studies or simulated laboratory experiments. Such literature will often draw 
comparison between alternate environments and the respective variance in 
results; however, there is limited published literature on simulation of climatic 
environments that mimic the range of expected conditions in long-term forecasts 
by the IPCC (IPCC, 2013). From a practical experimentation stance, this leaves a 
significant gap in knowledge of reliable tests that demonstrate how chloride 
transport mechanisms will respond in simulated higher corrosive environments.   
Within these environmental conditions, an element of the environment that is 
also often disregarded in calculation is the availability of free chlorides in the 
surrounding environment. This is another area that has not received enough 
attention within literature and given its long-term variability; should not be 
excluded in the modelling process. This research will pay close attention to this 
environmental variable and its impact on the free chloride content within the 
concrete.  
From a numerical perspective, there is also research such as LIFE-365, that have 
utilised mathematical modelling techniques on expansions of Fick’s 2nd law to 
forecast deterioration rates in the future based on a static or annually cyclic 
environment. This research was followed by the FIB models that are discussed 
later in this research. There is an evident gap in knowledge and need within 
industry to more accurately model the deterioration curves and probability of 
chloride ingress into the future. This must be undertaken through a concise 
modelling and validation process which incorporates all environmental variables 
and variability in the physical makeup of the concrete.  
Given its recent emergence into academic studies, and increasing accuracy and 
resolution; there has also not yet been concise work using micro imaging 
technology on the physical deterioration of concrete material and any consequent 
increase in permeability. The gap in knowledge has left an area of literature 
surrounding quantifiable pore volume rendering and how this is impacted by 
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variations in the environment. Within the academic realm of concrete 
deterioration modelling, there is heavy reliance placed upon theoretical 
modelling which has been developed from ionic movement theories, such as Fick’s 
2nd law which is adopted in material science generally, however was not 
necessarily written specifically for the use of chloride modelling into concrete. It 
is for this reason that interpretations of the law continue to be derived by 
Collepardi et al. (2000), Tuutti (1982) and  Hooton et al. (2009) as the material 
structure of concrete evolves which is explored through the x-ray tomography 
chapter of this research.  
1.3. Significance of the research  
To address these gaps in knowledge, this research addresses each of the areas in 
a parallel manner, and then combine the results to provide a concise 
understanding on the initial causes of the change of chloride ingress rates.  
The areas which are investigated are a case study at the Port of Suva which has 
undergone decades of exposure to both stable climate conditions and the 
emergence of an environment under the influence of climate change.  Secondly, 
simulated environmental scenarios within controlled conditions simulate not only 
the forecast conditions that are to be expected in the future, but also an 
incremental change between each simulated environment that will allow clear 
interpolation of the direct impacts of each variable. Such a procedure of this scale 
has not been undertaken and published within the broader literature.  
Following on from the simulated environment procedure is the microstructural 
topographical imaging of the pore matrix using an x-ray frequency light source 
and a synchrotron light source to understand the physical weathering impacts of 
the various environments. Imaging concrete that had undergone controlled 
exposure for a three-year duration has not been completed and published with 
such a powerful light source and respective resolution. This area of the research 
therefore provides a unique insight at a nanometre scale into what chemical and 
physical damage is occurring within the pore matrix of the concrete.  
Most prominently; this research will combine the findings of each of the 
aforementioned three areas and combine them into a numerical model with an 
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overlay of the IPCC (IPCC, 2013) climate change predictions. This, combined 
with the concise literature review and remedial opportunities provides a holistic 
body of research which can be further explored by academia and used by seaport 
infrastructure stakeholders to improve the accuracy of deterioration modelling of 
existing assets, and provide recommendation of future master-planning of 
seaport assets.  
The significance of the results of this research have the potential to change 
decision making processes within stakeholder and user groups of seaport 
infrastructure which have already shown concern but little action on a worldwide 
scale. The research will support the immediate implementation of long-term 
localised modelling software, while also providing a benchmark for academic 
studies on concrete deterioration by chloride ingress under acceleration by 
climate change.   
1.4. Aims and research objectives 
The aim of this research has been to develop an understanding and fill the gap in 
knowledge surrounding the impacts of climate change on the rates of chloride 
ingress into concrete infrastructure. This research is reported and summarised 
as follows: 
1. Understand the impacts of climate change and currently used models 
in predicting future environmental parameters.  
This investigation has been carried out through a literature review of the broader 
forecasts of climate change as well as close consideration of direct effects on 
infrastructure.  The early concentration of work into the effects of salinity was 
based upon the initial findings of the ARGO global salinity program.  
• Within the ARGO Global salinity program (ARGO, 2015) and the IPCC AR5 
(IPCC, 2013), there is firm evidence which shows that the hydrological cycle is 
intensifying, notably more around the lower latitudes of the planet which is 
showing increasing salinity levels. This observation indicates that the 
localised salinity levels around the world are changing. The anticipated 
changes published in literature have been referenced to form the basis of 
further investigation within the practical experimentations. The degree of 
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 23 
salinity variance, temperature, and humidity were shown to have the most 
significant effect on chloride ingress rates.  
2. Understand the variation of existing models to improve the predictive 
modelling of the deterioration of concrete through chloride ingress.  
This research aim is carried out in three distinct areas  
• Firstly, a review of literature to understand the varying critical chloride levels 
was conducted as these provide the upper thresholds when calculating the 
probability of corrosion initiation. 
• Secondly, the environments that provide results of how varying one aspect of 
the environment could dramatically change the rate of chloride ingress. 
Through chloride concentration testing in accordance with BS1881, there was 
quantifiable data to support the concentration variation from the control at 
various depths. These concentration ratios to binder content were used in a 
regression analysis to determine diffusion coefficients and surface chloride 
levels.  
• In utilising these values, the numerical modelling – which was calculated 
through both past literature and results from the chloride testing was 
validated against in-situ assets that had been exposed to chloride 
environments for some time. Within this area, it was important to consider the 
scientific accuracy of in-situ testing.  This potential inaccuracy was driven by 
the control of the environmental variables which would impact the rates of 
chloride ingress when analysing in-situ data. Within the Seaport environment, 
there were unmeasurable impacts of humidity, mix design, wetting and drying 
cycles, and other environmental variations which would need to be accounted 
for over the asset’s (often long) lifespan. As such, the historical climate for 
these areas was included in the validation process.   
3. Investigate the impact of sea salinity changes on the chloride ingress 
rates within port structures and deliver a concise tool for use within 
seaport infrastructure stakeholders.  
A likely deterioration model was formulated to produce a curve of probability to 
corrosion initiation. This curve will indicate how the effects of a variance in 
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climate change which follows the IPCC guidelines can alter the degree of chloride 
ingress at any given time, t.  
• Feedback from seaport infrastructure stakeholders suggested that the typical 
reporting tool was the probability to corrosion initiation (Pint) when the 
authority was master planning the works within ports. The port authority 
would often set a probability threshold likelihood (i.e. 40%) which triggers the 
initiation of remedial works and further investigative studies. As such, this is 
how the data is presented to port authorities so that it can be interpreted 
correctly.  
In response to these aims the following structure has been developed to provide a 
concise response:  
1) Provide a broad literature review to understand prevailing climate models, 
existing models of chloride ingress and clearly identify gaps within current 
knowledge.  
2) Demonstrate clear numerical modelling utilising improved diffusion coefficient 
enhancement methods for higher accuracy of chloride ion movement through 
concrete. Once finalised, this modelling provides a more accurate prediction of 
corrosion initiation in concrete due to climate change.  
3) Undertake a case study of a climate change affected port to understand not 
only the drivers for action by seaport infrastructure stakeholders but also the 
direct consequences of non-action towards the findings of the literature. The 
case study will also provide validation of the model within a real-life exposure 
setting for comparison against the simulated experimental procedures.  
4) To validate the mathematical modelling, a comprehensive experimental study 
is undertaken to quantify the impacts of sea salinity, humidity and 
temperature over a three-year period.  
5) Review of micro imaging techniques through x-ray tomography, and a 
synchrotron light source to identify physical and chemical weathering that 
occurs on the concrete to graphically explain why changes are experienced 
within the concrete.  
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 25 
6) Develop a clear consensus on a remedial method of post-construction additives 
that are applied to the concrete surface to assist with the resilience 
improvement of existing structures.   
1.5. Scope of thesis 
The scope of the works included identifying the impact of climate change on 
environmental parameters that were deemed deleterious to the resilience of 
concrete assets through chloride ingress. Based on the results of these areas, the 
research provided a numerical relationship demonstrating the impact that these 
environmental variables would have on the time to corrosion initiation. This was 
developed through results of simulated experiments with variations of salinity, 
temperature, humidity, and concrete mix design; which had the ability of 
isolating each variable individually to understand its influence.  
An important comparison was made between traditional methods of calculating 
the depth of chloride ingress such as regression analysis and the assessment of 
chloride depth through fundamental techniques such as Fick’s 2nd Law. A clear 
distinction was made between the difference in forecasted chloride with no 
consideration for climate change and those that acknowledge a changing climate. 
This was illustrated graphically from the numerical modelling which shows the 
baseline level of probability to corrosion initiation and the level expected after 
accounting for a changing climate.  
Validation of the numerical modelling was carried out against a Port Structure 
that had been exposed to these environments for several decades. The results 
returned a close comparison between the modelled chloride concentrations and 
those obtained on site. The calculation of the influence of the environmental 
variable is based on the results taken over the three years of controlled 
laboratory testing. The model then utilised these relationships to modify the rate 
of chloride ingress based on the expectations of climate change issues by the 
Intergovernmental Panel on Climate Change (IPCC). 
Once the impact of the climate change overlay was applied, there was also scope 
within the research to address potential remedial options to assist with 
increasing resilience of the concrete asset. As required to substantiate the 
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experimental works, this research utilised chloride testing results from the Port 
of Melbourne which were used in alignment with known historical environmental 
records. The comparison of these figures was then to provide a conclusive 
discussion and recommendations to infrastructure stakeholders.  
Quantifying these impacts was calculated through literature, permeability 
testing, chloride content testing, and x-ray tomography using a synchrotron light 
source. The micro-tomographic studies provide three-dimensional volume 
rendering and quantification of void volumes within the pore matrix such that 
physical deterioration between environmental effects can be measured and 
illustrated. This research included advanced x-ray tomography studies that 
exhibited the pore connectivity and pore volumes within the cement matrix. This 
opened another discussion around the mechanical weathering that occurs in 
concrete and how this can be accurately quantified. 
 The results within the research incorporate the inclusion of the IPCC’s 5th 
Assessment Report showing future climate scenarios increasing the probability to 
corrosion initiation at a given time point, t. The results and discussion presented 
from this research are applicable when design, maintenance, and retrofitting 
options are being explored for stakeholders within the affected locations and for 
consideration of the broader academic community moving forward. Preliminary 
outcomes from both modelling and experimental testing indicated that the 
seaport structures will undergo more rapid chloride ingress and reduced time to 
corrosion initiation because of the anticipated exposure to climate change. The 
scope of the excluded the development of a comprehensive chloride ingress model 
combining theoretical and empirical approaches. Rather, the work provided 
conclusive evidence that the changing climate in fact affected chloride ingress in 
concrete and reduced the remaining life of seaport concrete infrastructure.   
1.6. Outline of thesis 
Chapter 1 outlines the introduction and rationale for the research. By giving a 
high-level introduction of the current gap in knowledge, this chapter provides a 
summary of the expected deliverables of the thesis and the significance of the 
work in advancing the knowledge base of the discipline as well as delivering 
succinct industry benefit.  
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Chapter 2: Literature Review provides a structured review of previous 
research as below: 
a. Climate change and environmental impact; review of how the climate is 
changing and what resultant forces will threaten concrete infrastructure. It 
then reviews the sources of climate data that have been used throughout the 
modelling.  
b. Chloride Transport Mechanisms gives a thorough overview of what 
currently exists within scientific literature and what data has been used in 
the past to calculate the rate and mechanisms by which chlorides enter 
concrete.  This section then describes the impacts of mix designs including 
pozzolanic admixtures and superplasticisers and the role that they play in 
the defence of chloride intrusion. 
c. Numerical Modelling and Probability of Corrosion Initiation 
illustrates what models are being used currently and the input data from an 
environmental perspective – which includes discussion around the 
assumption of annual cyclic environments rather than changing climates.  
d. Lifecycle analysis and impact uses current literature and feedback from 
industry partners on the tools that are required moving forward to 
accurately assess the serviceable lifespan of wharfs.  
Chapter 3:  
a. Research Methodology provides a detailed plan developed to achieve the 
research objectives, covers the aforementioned research questions and how 
they will be addressed.  
b. Experimental Program on Chloride Ingress details the procedure for 
the chloride testing and the development of laboratory experiments. Further 
detailing relates to the leaching from concrete and resultant stabilisation of 
chloride concentration within the immersion tanks, with additional 
discussion on permeability testing and compressive strength testing to 
validate system design. 
Chapter 4: Analysis of Results presents the results of experimental work and 
the process of numerical modelling as below.   
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a. Results of the experimental research and comparison between various 
testing intervals  
b. Numerical Modelling process incorporating the chloride ingress changes 
with climate change.  
Chapter 5: Microstructural Studies provides an overview of currently 
employed X-ray tomographical research within concrete and the sample 
preparation prior to the imaging. Discussion is provided around the development 
of the algorithm and how the imaging distinguishes between pore voids and 
solids.  
Chapter 6: Numerical Modelling of Chloride Ingress in Structures 
provides the incremental steps taken following the deliverable of results from the 
testing regime. The macro-coding section defines the processes taken within the 
chloride modelling code programming which is compared to the case study port 
identified at the Port of Suva. The statistical significance of the model compared 
to the test cases is also proven through this chapter.  
Chapter 7: Remedial Hydrogel Treatment explores the development of 
research of remedial options for infrastructure that has already been exposed to 
impacts of a changing climate. The research identifies and performance 
improvement of utilising these treatments as well as recommendations of future 
use of surface treatments through scanning electron microscopy.   
Chapter 8: Conclusions and Recommendations provide a concise summary 
of the findings throughout the research and relates back to the numerical 
evidence that a changing climate will increase the rates of deterioration of 
seaport concrete infrastructure.  
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2 
CHAPTER TWO: THE RESILIENCE OF 
CONCRETE TO A CHANGING CLIMATE 
2.1. Introduction 
This chapter reviews previous work carried out on the resilience of concrete 
under different exposure conditions. It begins with a review of current literature 
on climate change and the various models and forecasts that are prominently 
used within literature. The literature then continues to review the impacts of this 
climate variability on the transport mechanisms of chloride ions in structures 
exposed to marine environments. This is then followed by a review on the current 
mathematical modelling techniques of predicting the movement of chloride ions 
and provides a summary of the improvements that are required to current 
modelling to achieve the higher accuracy that seaport infrastructure 
stakeholders demand.  
2.2. The changing climate 
The IPCC was initially established in 1988 in a collaborative effort from the 
World Meteorological Organisation and the United Nations Environment 
Programme in an attempt to transparently assess the scientific, technical, and 
socio-economic information relevant to understanding the scientific risk of 
human induced climate change.  
Following its first report, the panel was unanimous in declaring a need to 
stabilize greenhouse gas emissions into the atmosphere to a level which would 
cease dangerous anthropogenic interference with the climate system.   
Entailed within this report was the confirmation that the single largest 
contribution to global warming was the increases of atmospheric carbon dioxide 
emissions after the industrial revolution. In many cases, records date back to 
before 1850; however, Paleoclimate reconstructions offer records as far back as 
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several millions of years. It is necessary in the review of the climate systems to 
acknowledge both forms of data to understand the precise scale of recent times 
since human impact became a contributor, and the comparison of earlier records 
to get an in-depth understanding of how the climate is changing.  
With each IPCC assessment, the forecasts for the future vary with new data that 
has been analysed since the previous report. The most recent IPCC report at the 
time of writing is the 5th assessment report  that stated that the warming of the 
climate system was unequivocal, and that the changes since the 1950s are 
unprecedented over decades to millennia (IPCC).   
At the commencement of the research of this thesis, the most up-to-date climate 
information was shown through the 4th Assessment Report by the IPCC, however 
in September 2014, the IPCC released the 5th assessment report. It is for this 
reason that the comparison of forecast models is discussed between the two 
different scenarios.  
Following the release of the IPPC’s 5 assessment report (IPCC, 2013), there has 
been firm conclusions drawn that the climate is changing and the degrees of 
change, notably with respect to temperature; will vary depending on the 
emissions scenario which will depend on the societal activity.  
Towards the reporting section of this thesis, the focus will be placed upon the 
most likely climate emission scenarios: A1B – a world with very rapid economic 
growth. Further, for the purpose of comparison, scenario A2 which illustrates a 
heterogeneous world with a direction towards a self-reliance and preservation of 
local resources is also discussed.  The specific temperature increases for these 
emission schemes are shown in Table 2-1. 
Table 2-1 Temperature °C increase for A1B and A2 Climate Scenarios 
2030 2055 2090 
A1B A2 A1B A2 A1B A2 
0.7 ± 0.5 0.7 ± 0.3 1.4 ± 0.5 1.4 ± 0.3 2.1 ± 0.8 2.6 ± 0.6 
 
These temperatures give an indicative view on what is expected within the above 
emissions scenarios at three distinct intervals.  
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The concrete structures and infrastructure the society inherently relies upon now 
must be modelled as we see the variances in various environments occur. For 
example, the concrete exposed to the inside of low-humidity and temperature is 
known to perform and deteriorate differently to those exposed to an external 
environment. Likewise, in maritime conditions, exposure to saline and wetting 
and drying cycles also dramatically decrease the time to corrosion initiation and 
duration to serviceability limit state.   
2.2.1. Atmospheric changes 
There is growing consensus that the earth’s climate has continued to warm over 
the previous three decades as a result of the increased carbon dioxide content 
within the atmosphere.  
The IPCC notes that it is virtually certain that the troposphere has warmed since 
the mid-20th century. This is then deemed responsible for the increase in the 
heavy precipitation events that have been increasing in frequency across the 
globe (IPCC, 2013).  
These atmospheric changes to the world’s atmosphere raise concern to the effects 
that they may have on materials that interact with their environment. Such 
materials that are not only exposed, but react to their environments are likely to 
be affected by these changes. 
2.2.2. High intensity events 
The impacts of high intensity events occurring have also begun to raise concerns 
around the North Atlantic and Western North Pacific Oceans. The impacts that 
these events have on structures also must be considered. The modelling data for 
localised high intensity events is still in the stages of development as an 
individual weather system may vary by significant amounts and be dependent on 
localised topographical and geographical factors that will vary over time.  
As the seasonal variability and the impacts of a growing el Niño effect are 
drawing more extreme high and low-pressure systems, which result – especially 
in the tropics; in more frequent high intensity events which include storm surges, 
hurricanes, tornados, and longer periods of drought and wet.  
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Although ultimate limit states are often exceeded and failure of concrete 
structures occur during these high intensity events, this research will examine 
the deterioration of the asset over time up until the high intensity event that 
causes the final failure. The principal deterioration mechanism that is focused on 
is the rate of chloride ingress into concrete and how this is impacted by the 
surrounding environment.    
2.2.3. Sea surface salinity levels 
As the hydrological cycle shifts to become more active, and in many cases; 
increasing in rate; the IPCC identified that regions of high salinity where 
evaporation dominates have become more saline since the 1950s. Within the 4th 
assessment report, it is stated with medium confidence that this has occurred as 
a direct result of the evaporation and precipitation cycles intensifying. However, 
more recently; this has become a higher risk which has been noted within the 
summary for policymakers. In the most recent assessment report, this risk has 
been upgraded to note that it was now very likely that areas where evaporation 
dominates have become more saline. Further, the summary for policymakers also 
notes that these regional trends in ocean salinity variance provide indirect 
evidence that precipitation and evaporation (IPCC, 2013) will change. Variance 
in salinity levels is also to be witnessed within a specific macro environment 
whereby higher incidence in El Niño would result in lower rainfall and overall 
drier seasonal variability. Such a shift will see a change in ground water levels 
and ground salinity which impact on incidental salinity concentrations within 
inland estuaries and waterways that previously were not designed to resist 
chloride environments. Conversely, in other cyclic events, higher rainfall will 
lead to more frequent wetting and drying cycles while increases in sea level see 
oceanic saline waters approaching areas further upstream bringing with them 
more corrosive seawater to areas not previously designed to withstand the higher 
salinity levels.   
As this salinity changes, there is a higher free surface chloride presence on the 
exterior face of a concrete structure. This higher free chloride availability ensures 
that a higher chloride ion content is present within the solutions that invariably 
ingress through the pore matrix.  
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Within this study, of highest concern is the amplification of the hydrological cycle 
as a result of anthropogenic climate change (Held and Soden, 2007).  Today, over 
two thirds of the earth’s surface are covered by ocean, however only 78% of total 
precipitation occurs over these oceans. This suggests that there is a significant 
imbalance between the areas of evaporation and the areas of precipitation 
around the world. Salinity within the world’s oceans is due to effects of the 
hydrological cycle and the long-term balance between the groundwater and land-
locked water flux; which can be described as the difference between evaporation 
and precipitation; and mixing processes of the oceans (Schmitt, 1995). Thus, any 
acceleration or deceleration in the hydrological cycle would be evident within the 
levels of salinities within the world’s oceans.   
The principal mechanism by which salinity influences the global ocean network 
is through its effect on water density. Towards the poles, the saline levels can 
influence the vertical convective stability and play a principal role within 
density-driven global thermohaline circulation. (Manabe and Stouffer, 1995, Oka 
and Hasumi, 2004)  
Over the past several decades, scientists are witnessing an increase of the 
hydrological cycle within tropical and sub-tropical regions, which is speeding up 
the input of chlorides into the oceans (Abdalati and Steffen, 1997). 
In the waters of the tropics and subtropics, salinity increases observed over this 
period are greatest in the upper 500 m of ocean depth. Salinities increased by 
between 0.1 and 0.67 practical salinity units (p.s.u) over five decades in all 
Atlantic waters exposed to the atmosphere in the high-evaporation regions 
between 25° S and 35° N (Curry et al., 2003). 
In addition to this increase in the hydrological cycle, there is a growing 
imbalance between the oceans closer to the poles and the equatorial oceans. As 
this differential gradient increases, there becomes less mixing between the saline 
and the fresh waters around the equator, which contributes to the rising salinity 
levels around low latitudinal regions (Ruth Curry et al., 2003).  
Such variability gives reason for researchers and engineers to consider these 
future saline environments when calculating chloride ingress rates into concrete 
which is presented here. 
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2.2.4. Sea level rise 
There is high confidence that the rate of sea level rise since the mid-19th century 
has been found to be greater than the mean rate of the previous two millennia. 
What is of more concern is the notion that the mean rate of sea level rise over 
this period was 1.7mm per year. However, this rate has increased to 3.2mm per 
year between 1993 and 2010.  
Sea level rise will mean several things – both beneficial and detrimental to 
concrete port structures. Firstly, existing structures that have reached the 
critical chloride limit and commenced the corrosion process may see some benefit 
to a rising sea level as the region of vertical members that would have previously 
been classified in the splash zone of the ocean would now be found in the tidal 
area which, may hold some relief for corrosion as there would be less exposure 
time to the atmosphere for the oxidisation process to occur.  
Conversely, sea level rise will also result in a new area being classified as the 
critical area as it now will have more frequent wetting and drying cycles that it 
previously did not encounter. Moreover, the surrounding dolphin and slab 
decking is likely to receive a higher frequency of wetting and drying cycles given 
that it will be more closely exposed to the water’s surface.  
Finally, sea level rise will bring about new challenges in the repair and 
maintenance space for asset owners. While treatments such as coating, 
wrapping, and external reinforcing may have previously been localised to a 
specific area, there is now high likelihood that this critical area will increase as a 
result of the rising sea level and additional treatments will be required.  
2.2.5. Carbon dioxide in the atmosphere 
The current levels of carbon dioxide in the atmosphere are said to have increased 
by 40% since pre-industrial times, which is most notably from the fossil fuel 
emissions and secondly from the deforestations and changed land use (IPCC). 
These concentrations have now increased to levels that have not been evident in 
the atmosphere for at least the last 800,000 years.  
As these levels of fossil fuel emissions continue to increase, there is growing 
concern around the impact that this may have on the carbonation process and 
what this may mean for the subsequent pH levels of concrete and resulting 
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 35 
corrosive environment. As an additional concern, this change will also incur a 
direct shift in the process of ocean acidification. There is an indirect relationship 
that as the ocean surface CO2 increases, given the absorption of 30% of 
atmospheric carbon dioxide (IPCC); the relative and localised pH of the ocean 
surface has also dropped as part of the ocean acidification process.  
This increased atmospheric CO2 level, and thus decreasing ocean surface pH 
support a more corrosive environment within the concrete material and decrease 
the time taken to corrosion initiation.  
Given that many container and cargo seaports have historically been situated in 
industrialised and high-emission urban areas, there is also high likelihood that 
the localised effects of higher carbon dioxide atmospheric conditions will give rise 
to increased carbonation and decreased ocean pH as earlier discussed.  
There are some discussions later in this research around the use of additional 
admixtures and strategic concrete mix designs to assist with the penetration of 
carbon dioxide into the pore matrix. There are also some methods presented to 
assist with maintaining a high internal pH to mitigate the risk of the concrete 
becoming a corrosion-friendly environment.  
Although the current levels of CO2 within the atmosphere exhibit levels of 
around 380-400ppm, the small variance that is seen within today’s climate has 
proven to show little impact on carbonation within concrete. However, there is 
still firm evidence that shows the concrete assets located in built-up industrial 
areas are more likely to show signs of carbonation-induced corrosion than their 
counterparts in arid or rural environments (Sudret B et al., 2007). This difference 
that typically ranges from 5-10% is driven by increased burning of fossil fuels, 
transportation, and manufacturing facilities that are more typically found 
around cities.  
To date, there has been various research that has explored this variance and the 
impacts of an increase to 500ppm by the year 2100; in line with the forecasting 
by IPCC’s 4th assessment report. The results by Bastidas-Arteaga et al. (2010) 
showed an increase of probability of corrosion by between 5-15% as a result of 
this increased carbon dioxide levels. Further, a reliability study into how the 
serviceability delivery of the structure would be impacted as a result of the 
climatic changes. This detailed a similar quantitative analysis and results into 
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the implications of the changing climate on concrete assets (El Hassan J et al., 
2010).   
The fib Model Code for service life (FIB, 2006.) developed a reliability-based 
design specification with atmospheric levels based off a 1.5ppm per year increase 
through until 2100. This concise study restricted the limit state of the concrete 
serviceability as carbonation induced corrosion, without linking and 
acknowledging the other forces that impact on concrete durability.  
This research acknowledges the detrimental impact that carbonation has on the 
pH levels and in turn, carbonation affected corrosion initiation – however, the 
focus is around corrosion induced by salinity and temperature, which have been 
closely monitored and reported moving forward.  
2.2.6. Industry acceptance of climate change 
Over the past several decades, there has been a continuing increase in the 
number of extreme events; and highly corrosive environments experienced by 
seaports worldwide. As it has become increasingly apparent; there is a 
competitive advantage of a particular seaport to anticipate and act upon the 
growing threat of operational downtime due to the climate.   
Following an international survey of world seaports, (Becker et al., 2011) noted 
that only 63% of the 342 worldwide ports surveyed held a policy that considered 
the impacts of a changing climate. A research group noted that the design 
lifetime of logistics infrastructure (namely ports, rail) is between 30-50 years, 
however the mentality of long-term planning in Australia is often focused to the 
end of the political term (UNCTAD, 1985). As a result, consideration is rarely 
given to longer term planning and external threats that may not show fruition 
for decades, and has been noted in this research to be an inhibiting factor for the 
development of this knowledge.  
Political influence on such large budget spending for critical infrastructure can 
be seen as a constricting force on infrastructure development, and as such – the 
question must be raised as to whether we require a set of Global Minimum 
Standards to maintain the vulnerable elements of port design, and provide 
support for politically-controlled infrastructure bodies, or developing countries 
with limited access to standards or QA issues.  
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The worldwide seaport community holds serious concern around the future and 
efficiency of their seaports, however there is a general feeling that they require 
more specific information from the academic and scientific community to plan 
and implement climate change adaptation policies (Becker et al., 2011).  Other 
surveys reviewed the apparent knowledge of future climate change trends by 
Port Stakeholders (Leiserowitz et al., 2008) which showed that there was 
mainstream doubt surrounding the issue.  
The overwhelming results from these surveys indicate an industry-wide lack of 
knowledge, most notably with the potential shifts in source or market locations 
and population centres; which scored an affirmative rating of 14%. Contrastingly, 
the highest consideration is given to the potential impacts of the surrounding 
environment and community which received an acceptance rate of 45%  (Becker 
et al., 2011). This information provides surety that there is a lack of 
understanding and acceptance from Port Authorities worldwide around the 
impacts of climate change. 
2.3. Impact of climate variables on chloride ingress 
2.3.1. Interaction between concrete and its environment.  
It is common knowledge that the interaction between concrete and its 
environment is not a one-way interaction. In fact, research has shown that the 
leaching from concrete into the surrounding environment is known to cause 
serious environmental concerns.  
As we rely more and more on utilising concrete as one of our primary building 
products, the emergence of heavy metals into our oceanic system must be 
monitored if these products can be found to be leaching from concrete. As the 
construction industry revolutionises concrete mixes and we see the increasing 
use of secondary pozzolanic admixtures such as fly ash, silica fume, or blast slag 
the precautionary measures must be increased as these are likely to introduce 
further heavy metals to the concrete.  
Typically, the process of direct dissolution is responsible for this migration of 
substances coupled with diffusion through the pore solution to the concrete 
surface.  The susceptibility of this migration is dependable on the molecules 
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bonding strength to the hydration products and its ability to form aqueous 
structure and precipitate solubility-controlling phases.  
However, Van Gerven et al. (2004) demonstrated that the concentration of 
admixtures within a concrete only show a weak link to the equivalent proportion 
of heavy metals found present within the surrounding environment. Other 
research went on to demonstrate that it was first necessary to explore the 
mechanisms and processes of concrete leaching in order to fully understand what 
accelerated concrete leaching (Andac and Glasser 1999).  
A detailed study of this process,  also explored the non-mechanical environmental 
aspects which can expedite the rate of the movement of materials. This research 
included simulated scenarios in amplified levels of CO2 and NaCl. As CO2 levels 
vary due to climatic patterns and man-made pollution, the research showed that 
increased carbonation resulted in a heightened rate of leaching of certain 
elements.  
Concern was also raised with the exposure of concrete with pozzolanic 
admixtures to saline environments. Research by You et al. (2007) detailed that 
an exposure to NaCl can also accelerate the rate of concrete leaching. Such a 
catalyst is typically found in road de-icing salts in the northern hemisphere, 
splash zones around oceans, and from atmospheric salts finding their way to 
structures from proximity of saline environments.  In fact, when two samples 
were compared; one in distilled water, and another in a saline solution of 30g/l 
(slightly less than that of ocean water), the release of Vanadium in the saline 
environment were multiplied by a factor of 25-30.   
In another study, Schiopu et al. (2009) supported the notion that the extent of 
leaching is controlled by many other factors including temperature variations, 
object geometry, and the wetting and drying cycles of the concrete.  
2.3.2. Sea surface temperature 
Literature will often distinguish between the important delineation between sea 
surface temperature and the atmospheric temperature, however this difference is 
of higher importance when analysing deep sea footing or offshore platforms 
whereby there is a noticeable differential between the two temperatures. 
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In a study whereby migration tests were carried across a range of different 
temperatures , using NT build 492 the chloride contents at varying depths were 
found to increase as the temperature increased (Yuan et al., 2009) as shown in 
Figure 2-1.  
 
Figure 2-1 Effect of temperature on chloride content at cover depth (50mm). 
The quantitative measurement of the influence of temperature on corrosion is 
typically due to the increase in mobility of the ions when they are exposed to 
warmer temperatures. Consequently, there is a positive relationship between 
resistivity and temperature that can be seen within materials such as concrete. 
This relationship requires further exploration in understanding the effect of 
climate change on chloride ingress.  
The impact of temperature on the movement of solution and chlorides is an 
important consideration in the overall assessment of the impacts of a changing 
climate.  
With respect to temperature, many studies consider the chloride ingress process 
to take place under isothermal conditions (Yuan et al., 2009), however ignoring 
this cyclic environmental trend; or to a greater extent; climatic change, would 
inhibit drawing accurate results. Again, there is wide acceptance through both 
case studies (Durack and Wijffels, 2010, Hussain, 1993) and simulated 
experiments that warmer environments will increase the rate of chloride ingress, 
however localised temperature influences are normally not incorporated into 
ingress modelling as a parameter. 
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2.3.3. Quantifying the effects of temperature 
 In an attempt to capture the temperature dependency in chloride ingress, one 
piece of research incorporated temperature into their assessment of the diffusion 
coefficient (Bentz and Thomas, 2000). In doing so, the diffusion coefficient, D(T) 
relies upon the absolute temperature T (in Kelvin), Tref is the reference 
temperature which is recorded in Kelvin, U is the activation energy to allow the 
diffusion process to proceed (35000J/mol), R is the gas constant (8.314J/mol.K) 
(Ababneh A et al., 2003). Furthermore, Dref represents the diffusion coefficient at 
some reference point, tref. 
𝐷(𝑇) =  𝐷𝑟𝑒𝑓 . exp(
𝑈
𝑅
. (
1
𝑇𝑟𝑒𝑓
−
1
𝑇
) =  𝐷𝑟𝑒𝑓 . 𝑓(𝑇) 
As such, the determination of any effective diffusion coefficient under the 
assumption that the concrete substrate is fully saturated at any temperature T 
and time, t: 
𝐷(𝑡, 𝑇) = 𝐷𝑟𝑒𝑓 . 𝑓(𝑡). 𝑓(𝑇) 
The variability of temperature was acknowledged in the above research however 
the nature of the temperature variability has been overlooked. As such, there is 
substantial evidence to suggest that the variability of the temperature can be 
incorporated into the service life modelling of the structure. To accommodate this 
variable factor, the temperature factor will morph to represent a factor of time.  
𝐷(𝑇) =  𝐷𝑟𝑒𝑓 . exp(
𝑈
𝑅
. (
1
𝑇𝑟𝑒𝑓
−
1
𝑓(𝑇𝑣𝑎𝑟 , 𝑡)
) =  𝐷𝑟𝑒𝑓 . 𝑓(𝑇𝑣𝑎𝑟 , 𝑡),   𝑡 > 𝑇𝑟𝑒𝑓 
This function of temperature will now encapsulate a time dependant forecast 
from a point in time that t=Tref and Tvar is the variable temperature that will be 
dependent on the effects of climate change. 
2.3.4. Environmental humidity 
The relative humidity within concrete plays a major role in both the curing and 
interaction of the material with its surrounding environment. Although there is 
reliance on the concentration gradient of carbon dioxide and free salinity for the 
ingress to occur, the reaction of these elements once within the concrete pore 
matrix is impacted by the water saturation (or RH) within the pores themselves. 
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Marie-Victoire E. et al. (2006) reported how the process of carbonation is 
significantly slowed in high humidity given the low rate of CO2 diffusion through 
water molecules. Contrastingly, if there is very low RH, the carbonation reaction 
is also impaired as a result of the CO2 not being able to dissolve into the small 
amount of water molecules that line the pore walls. Studies show consistently 
that the optimum RH for the process of carbonation to occur is between 50 - 70% 
RH (Andrade et al., 1998).   
One of the more prominent equations on how to capture these humidity impacts 
was shown by Papadakis et al. (1991) as: 
𝐷 ∝ (1 − 𝑅𝐻)𝑚 
Whereby D is the diffusion coefficient within concrete and m is the humidity 
constant, which has had a variance of reported values, ranging from 0.6 (Bahador 
and Cahyadi, 2009) to 2.8 (Ceukelaire and Van Nieuwenburg, 1993) 
Further to this research, another study conducted simultaneous experiments on 
the consequential electrical resistivity from the relative humidity within 
reinforced concrete specimens  (Enevoldsen et al., 1994). It was found that there 
was significant influence between the electrical resistivity and the corrosion rate 
within the samples. The significance of this finding is closely related to the RH, 
given that the electrical conductivity depends on the moisture content of the pore 
matrix; which is driven by the pore saturation, or relative humidity. These 
results do raise questions around whether the electrical conductivity is then a 
true representation of the corrosion rate in these instances, where it is in effect 
influenced so heavily by the surrounding environmental humidity. This then 
illustrates the need to scrutinise the relationship between external and internal 
RH and the impacts this can have on electrical current readings.  
Contrastingly, other research noted the counter-balancing effects that can be 
seen from the influence of oxygen, chloride concentration, and pH and described 
the importance of considering all of these factors when conducting electrical 
conductivity testing (Andrade et al., 1998).    
This electrical resistivity of the material is determined by many internal factors 
– both physical and environmental. This relates to the concrete’s pore structure, 
pore volume distribution, as well as concentration and mobility of the ions within 
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the pore solutions. However, in the case of non-saturated mortar, an increased 
pore volume will not necessitate an increase in pore connectivity when tested at a 
constant RH  (Hunkeler, 1996). As such, hygroscopic equilibrium encompasses up 
to a volume of pore, which strengthens the importance of reviewing the pore size 
distribution in lieu of the individual volumes.  
When there is evidence of RH within the pore matrix being lower than 40%, there 
is typically strong absorption between the C-S-H pores and the capillary pore 
surface. There is almost no conductivity with the RH at this level. Conversely, 
once there is higher RH within the concrete, there is higher incidence of moisture 
within the smaller capillaries of the concrete (Baroghel-Bouny, 2007).   
To quantify the relationship between the saturation of the pore matrix, and the 
rise of interaction forces between the ions and cement paste, Bazant and Najjar 
(1972) interpolated the following which relates the diffusion coefficient at relative 
humidity, h and the critical humidity level hc, at which point the diffusion 
coefficient drops halfway between this min and max values: 
𝐷(ℎ) = 𝐷𝑟𝑒𝑓  [1 + (
1 − ℎ
1 − ℎ𝑐
)
4
]
−1
= 𝐷𝑟𝑒𝑓 ∗ 𝑓(ℎ) 
The f(h) equation is represented above and is used later within this research to 
draw definitive conclusions around the impact that RH will have on the diffusion 
coefficient of a particular concrete.   
2.3.5. Atmospheric salinities 
When investigating chloride ingress, the study of chlorides onto reinforced 
concrete typically has taken place at underwater sites or in tidal or splash zones 
closer to the ocean (Nilsson and Ollivier, 1995, Andrade et al., 2000, Sandberg et 
al., 1998). However, notable studies conducted which investigate the effects of 
atmospheric chlorides onto concrete structures have shown that there is a strong 
correlation between proximity to the ocean and chloride disposition rate  (Castro 
et al., 1999). The common view from this research suggests that this movement is 
influenced by the distance from the sea, the wind direction and speed; both of 
which will consequently dictate the size of water aerosol droplets falling on the 
structure, and finally, any fixed obstacles in the path of the salinity-infused 
spray (Lovett, 1978). In many built-up western countries, these trajectory 
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obstacles can have a large influence on the flight path of chloride-infused 
droplets as there is a prominence of higher buildings closer to the water’s edge 
(Feliu et al., 1999). Such concrete structures have been known to exhibit chloride 
ingress levels of up to 65% higher than their concrete counterparts that are 
geographically located several hundred meters further away from the source of 
the aerosol chlorides(Castro et al., 1999).   It is these studies which are 
responsible for the accuracy of building standards around the world where the 
zonings of proximity to chloride environments are considered and the elements of 
design, such as concrete cover, and porosity of concrete are considered to mitigate 
chloride ingress effects.  
2.3.5.1. Modelling on atmospheric chlorides 
A concise form of analysis of this phenomenon was defined whereby the 
relationship between environmental aerosol chlorides and chlorides within 
concrete was quantified (Meira et al., 2007). The study found that there was no 
linear relationship between the two however, the occurrence could be modelled 
with: 
 
 𝐶𝑡𝑜𝑡 = 𝐶𝑜  +  𝑘𝑑  ∗  √𝐷𝑎𝑐  
 
Whereby Ctot is the average of total chlorides accumulated into the concrete, the 
initial chloride content is represented by Co, kd is the environmental constant and 
Dac is the accumulated chloride content on the surface of the sample.  This 
relationship was supported by Amey et al. (1998a)where it was validated and 
recorded that the atmospheric chlorides; unlike submerged or tidal transfer; were 
hypothesised to accumulate with time. This is useful in modelling deterioration 
of concrete assets.    
2.3.6. Exposure criteria 
The interface between the concrete and its environment will play a significant 
role in the ingress of chlorides and the surface chloride coefficients. This surface 
chloride coefficient may remain unchanged if a chemical equilibrium is reached 
between the internal concrete mix and the external environment, however, as a 
result of continuous wetting and drying cycles, the surface chloride coefficient is 
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often increased following the cyclic evaporation of moisture and the resultant 
build-up of salts. Further to this, the extent of contact with salt water can also 
have an overbearing influence on the Cs value whereby the Cs obtained from the 
submerged sample in seawater is found to be higher than that from a tidal/splash 
area, and higher again than those affected by airborne chlorides.  
This exposure criterion was explored and found that the height above sea level 
had a notable effect on both the diffusion coefficient and the surface chloride.   In 
a study conducted on concrete piles following a 24 year exposure to a saline 
environment, Woodrow (1980) found that the splash zone near the mean water 
mark showed the highest concentration of chlorides as a result of the successive 
supply of chlorides from the evaporation and crystallisation by drying  
(Figure 2-2).   
  
Figure 2-2  Impact of atmospheric chlorides on the height above sea level (Liam et al., 1992) 
The prominent research in the area of chloride ingress in coastal areas will 
typically review structures that are located within the splash zone to submerged/ 
underwater structures. However, the driving force behind the consideration of 
the distance to coast is the respective aggressiveness of chloride aerosols. It has 
been reported  by Spiel and Leew (1996) that there is also a requirement for the 
prevailing wind strength to not only be on-shore; which is typical for many 
oceanic coastal environments, but also of a strength of 7-11m/s. Other literature 
has noted that any winds of lower strength than 5m/s will typically not be of 
sufficient strength to carry atmospheric chlorides (Fitzgerald, 1991).  
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The impacts of the higher wind strength are also driven by the size of the 
particles that most likely hold the chloride ions. Resultantly, the salt content of 
an aerosol at a certain distance will increase with higher winds as these heavier 
molecules will be the first to be deposited due to the stronger gravitational effect 
on them.  
This has been measured and was found that despite the total mass of the aerosol 
being high, the comparative chloride component is relatively low (Lewis and 
Schwartz, 2004). The findings of their studies showed how the chloride aerosol 
volumes will be around 50-150 cm-3 in total aerosol volumes of 300-600 cm-3. In 
literature previous to this, the consideration of chloride-laden aerosols are more 
closely represented by particles >1 µm (Andreas, 1998). 
There is a broader implication of sea salt aerosols within a changing climate 
which is the impact on the scattering of solar radiation when there is a higher 
volume of particles in the air. Secondly, the aerosol particles will also perform as 
condensation nuclei which add to the aerosol effect (O’Dowd et al., 1999, (IPCC), 
2001). These direct impacts are not explored any further within this thesis, 
however could be considered in future research.  
It is worthwhile noting that there are various source functions which outline the 
surface flux of the airborne chlorides which is a measure of the quantity of the 
number of particles against per square unit of area per second; consequently, the 
units follow µm-1 m -2 s-1. Further, the particle surface area is dependent on the 
surrounding relative humidity such that the radius of the droplet is normalised 
to RH=80% (rso) as opposed to the sea-salt molecule with RH=0%. Table 2-2 and 
Table 2-3 note the published source functions within literature and how the wind 
speed and creation of chlorides is varied by the wind strength and sea surface 
temperature (SST)  
Table 2-2 Wind strength and particle size distribution 
Method Source function Particle size 
Wind 
Strength 
(m s-1) 
Temp 
(°C) Reference 
Whitecap dFN/dD =W * 1.1* e0.23*U 
* D-1.65 
1.6<Do<20 0-9 16 (De Leeuw et 
al., 2000) 
Whitecap d F0/d log Dp 
=W(AkTw+Bk) 
0.18<Dd<20 0-9 -12 (Martensson 
et al., 2003. ) 
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Method Source function Particle size 
Wind 
Strength 
(m s-1) 
Temp 
(°C) Reference 
Whitecap dFM86/dr=1:373U3.4110r-
3(1+0.57r1.05) * 10 1.19e-B2 
0.30<r<20 0-9 20 (Monahan et 
al., 1986) 
Model dFN/dr = c(∑ 2i=1Aie-
c1*ln(r/r1)2)  
0.63<R<7.996 0-9 19 (De Leeuw et 
al., 2003) 
Whitecap (dFN/d log Dp)=w∑3i=1 
Ai. 
0.01<D<8 N/A 25 (Clarke et al., 
2006) 
 
Constants for the above are as below: 
Table 2-3 Constants for (Martensson et al., 2003. ) 
size interval (μm) c1 c2 c3 c4 c5 
0.018–0.168 −2.87×1028 −1.30×1022 1.94×1015 −1.00×108 7.46×10−1 
0.168–0.949 −4.57×1024 1.30×1019 −1.34×1013 5.76×106 −7.15×10−1 
0.949–5.700 −1.09×1021 1.64×1016 −8.43×1010 1.59×105 −5.53×10−2 
  d1 d2 d3 d4 d5 
0.018–0.168 −8.37×1030 3.81×1024 −5.74×1017 3.01×1010 −2.21×102 
0.168–0.949 1.25×1027 −3.62×1021 3.81×1015 −1.67×109 2.17×102 
0.949–5.700 2.93×1023 −4.44×1018 2.29×1013 −4.32×107 1.52×101 
These source functions can account for the effect of the distance to coast on 
chloride ingress modelling.  
2.3.7. Exposure classifications from relevant standards.  
Concrete design standards have for some time given indication that the 
vulnerability of a structure can be influenced by the surrounding environment. 
AS3600 relates closely to the exposure classification of structures which will be 
influenced by the geographic classification (A1 – A2), whether the structure is in 
an industrial (B1) or non-industrial zone (A1 – A2), or in a spray zone (C2) or 
splash zone (C1) of seawater.  
Table 6 of AS3600-2001 (Concrete Structures, 2001) provides exposure 
classification based on geographical location (provided in Table 2-4 below). 
Further to this qualitative description, there is consideration given to the 
tropical, temperate, and arid environments that each of these classifications 
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relate to. This standard for the purpose of construction sets the guidelines for the 
minimum allowable compressive strength, minimum cover allowance, as well as 
compaction and relationship with formwork to ensure that a suitable 
construction methodology is used within higher-risk areas.  
Table 2-4 AS3600-2001 - (Concrete Structures, 2001) 
 Exposure 
classification 
Surface and exposure environment Reinforced 
or 
prestressed 
concrete 
members 
(Note 1) 
Plain 
concrete 
members 
(Note 1) 
1. Surface of members in contact with ground   
(a) Members protected by a damp-proof membrane A1 A1 
(b) Residential footings in a non-aggressive soil A1 A1 
(c) Other members in non-aggressive soils A2 A1 
(d) Members in aggressive soils (Note 2) U U 
2 Surfaces of members in interior environments   
(a) Fully enclosed within a building except for a brief period of 
weather exposure during construction 
A1 A1 
(b) In industrial buildings, the member being subject to 
repeated wetting and drying 
B1 A1 
3 Surfaces of members in above-ground exterior environments in 
areas that are: 
  
(a) Inland (>50km from coastline) environment being -    
(i) non-industrial and climatic zone (Notes 3 and 4) A1 A1 
(ii) non-industrial and rid climatic zone. A2 A1 
(iii) non-industrial and tropical climatic zone B1 A1 
(iv) industrial and any climatic zone B1 A1 
(b) Near-coastal (1 km to 50 kkm from coastline) any climatic 
zone) 
B1 A1 
(c) Coastal (up to 1km from coastline but excluding tidal and 
splash zones) (Note 5), any climatic zone 
B2 A1 
4 Surfaces of members in water   
(a) in fresh water B1 A1 
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 Exposure 
classification 
Surface and exposure environment Reinforced 
or 
prestressed 
concrete 
members 
(Note 1) 
Plain 
concrete 
members 
(Note 1) 
(b) in sea water   
(i) permanently submerged B2 U 
(ii) in tidal or splash zones C U 
(c) In soft or running water U U 
5 Surfaces of members in other environments 
Any exposure environment not otherwise described in Items 1 to 4 
U U 
 
The basis of these exposure classifications then lead to the durability design 
specifications (AS3600., 2009). These design specifications mandate the 
minimum allowable design parameters of structural design throughout the 
design stage of the asset.  
 
Table 2-5 Durability design specifications (AS3600-2009) and deterioration models for 
carbonation. 
Members in exterior 
environments: 
          
Inland (>50 km from 
coast): 
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 Non-industrial and arid 
climate 
A1 20 20 0.56 320 2.22 0.24 1.15 0 C1 
 Non-industrial and 
temperate climate 
A2 30 25 0.56 320 2.22 0.24 1.15 0 C3 
 Non-industrial and 
tropical climate 
B1 40 32 0.5 320 1.24 0.235 1.15 0 C3 
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Members in exterior 
environments: 
          
Inland (>50 km from 
coast): 
C
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 Non-industrial and any 
climate 
B1 40 32 0.5 320 1.24 0.235 1.15 0 C3 
Near-coastal (1–50 km) 
any climate 
B1 40 32 0.5 320 1.24 0.235 1.15 0 C3 
Coastal (up to 1 km 
excluding tidal and 
splash zones any climate 
B2 45 40 0.46 370 0.65 0.218 1.15 0 C3 
Surfaces of members in water: 
 In tidal or splash zone Cf 50 50 0.4 420 0.47 b 0.19 c 1.15 0 C3 
 
There is importance in recognising the minimum design criteria set out in 
AS3600-2009 to assist with the resilience against carbonation, however in many 
cases, a higher design specification has been employed in the concrete mix 
designs within a harsh seaport environment.  
AS3600-2009 also establishes the minimum design requirements for design for 
resilience against chloride induced corrosion.   
Table 2-6 Durability design specifications (AS3600-2009) and deterioration models for chloride-
induced corrosion. 
Exposure 
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Members in exterior environments: 
 Near-coastal (1–50 km) any climate B1 40 32 0.5 15 0.65 0.676 Co3 Cl3 
 Coastal (up to 1 km excluding tidal 
and splash zones) any climate 
B2 45 40 0.46 10 0.65 0.676 Co2 Cl3 
Surfaces of members in water: 
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 Splash and tidal zones C e 50 50 0.4 7 0.37 0.924 Co1 Cl5 
 In spray zone (>1 m above wave 
crest level) 
C1 50 50 0.4 7 0.37 0.265 Co2 Cl3 
 Splash and tidal zones C2 65 50 0.4 7 0.37 0.924 Co1 Cl5 
 
This recent standard (2009) provides a more concise classification of C than the 
previous revision of AS3600 as separates this classification element into C1 and 
C2. This came about from more stringent requirements of exposure classification 
around tidal and splash zones. This change is accounting for wetting and drying 
cycles 
2.3.8. Impacts on frequency of wetting and drying cycles 
The environmental relative humidity (RH) of the surrounding environment 
during a wetting and drying cycle can have a firm influence over the rate by 
which the moisture is drawn back to the surface of the concrete. For example, in 
an environment with very low RH, there is a higher rate of drying once the 
concrete becomes moist. As the time taken for the moisture to be extracted from 
the pores becomes shorter, there is more opportunity for these cycles to occur at 
higher frequency. This is of course dependant on there being a continuous supply 
of surface chlorides and moisture.  
The process of wetting and drying cycles is the basis that deems the splash zone 
of a marine based concrete asset the most critical area. When the concrete has 
not been exposed to moisture for some time, and it is suddenly exposed, the 
concrete will begin to absorb the external solution to reach a balanced 
equilibrium until such time that the external solution is completely absorbed, or 
the concrete reaches a state of saturation.  
As this occurs, there is a concentration gradient that occurs within the concrete, 
and as the external environment begins to dry out again, it takes with it the 
internal moisture and often the chlorides and other free ions that were once 
within the solution may be drawn towards the surface and left as bound chlorides 
within the pore matrix. 
Although the region of highest chloride concentration is now at the surface, the 
subsequent wetting and drying cycle will bring additional chlorides that will 
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penetrate deeper into the concrete and progressively solidify closer to the steel 
reinforcement. This process becomes fundamentally dependant on the cyclic rate 
of the wetting and drying cycles. 
In the stages, whereby the concrete remains saturated, the free chloride ions 
begin to make their way through the concrete by manner of diffusion rather than 
capillary suction, however the same process of increased concentration will occur 
as the moisture is drawn back to the surface which is through a process of 
capillary suctions again. This does vary when the concrete reduces to a moisture 
content of 80% at which time the drying once again becomes controlled by 
diffusion (Selih et al., 1996).  
The second contributor to the acceleration of corrosion at the steel reinforcement 
during wetting and drying cycles is the ability during a dry period for oxygen to 
permeate through the permeable make-up of the concrete to the reinforcement to 
facilitate the corrosion 
2.4. Carbonation of concrete 
Within urban Australian environments, the culmination of chloride attack and 
carbonation come together to provide a detrimental mix of external elements that 
are the most destructive on concrete structures. This effect can be described as 
the following reactions (1) and (2): 
𝐶𝑎(𝑂𝐻)2 + 𝑀𝑔𝐶𝑙 2 → 𝑀𝑔(𝑂𝐻)2 + 𝐶𝑎𝐶𝑙2  (1) 
Within equation (1), the 𝑀𝑔(𝑂𝐻)2 + 𝐶𝑎𝐶𝑙2 will typically be responsible for the 
reduction in compressive strength.  
3𝐶𝑎(𝑂𝐻)2 + 𝐶𝑎𝐶𝑙2 + 12𝐻2𝑂 → 3𝐶𝑎𝑂 + 𝐶𝑎𝐶𝑙2 + 15𝐻2𝑂 (2) 
The events that lead to the decreased durability of concrete as a result of 
carbonation stem from the atmospheric C02 permeating into the concrete matrix 
and altering the overall pH of the mix design. This phenomenon will also often 
lead to the polymerisation of the silicate chains in C-S-H which will often reduce 
the effective volume of the area and cause shrinkage cracks.  
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There is also firm evidence to support the notion that the eminence of C02 can 
also improve the compressive strength of concrete through the development of a 
homogeneous microstructure which will often begin to fill the pore matrix and 
cause an overall decline in the porosity. The chemical process by which this 
occurs is as follows: 
𝐶𝑎(𝑂𝐻)2 +  𝐶𝑂2 → 𝐶𝑎𝐶𝑜3 + 𝐻2𝑂 (3)  
 𝐶 − 𝑆 − 𝐻 +  2𝐶𝑂2 →  𝑆𝑖𝑂2 +  2𝐶𝑎𝐶𝑂3 +  𝐻2𝑂 (4) 
These reactions demonstrate the C02 reacting with Ca(OH)2 and through the 
process of consuming the (OH)- ion, the relative pH within the pore solution will 
typically rise, which will create an environment more conducive to corrosion of 
the steel reinforcement.  
This effective rise in the overall pH level within the concrete is due to the 
following: 
𝐶𝑂2 + 𝐻2𝑂 → 𝐻2𝐶𝑂3 (5) 
𝐻2𝐶𝑂3 +  𝐻2𝑂  → 𝐻𝐶3
− +  𝐻3𝑂
+ (6) 
 
𝐻𝐶𝑂3
− + 𝐻3𝑂
+ (7) 
 
𝐻2𝐶𝑂3 + 𝐶𝑎(𝑂𝐻)2  → 𝐶𝑎𝐶𝑂3 + 2𝐻2𝑂 (8) 
 
This increase in pH is shown through the emergence of the H3O+ ion in 
equation (7).  
2.4.1. Calculating time to corrosion initiation from 
carbonation 
There has been extensive research and reporting on the probabilistic methods 
that can be used to forecast the rates of carbonation induced corrosion.  
The prominent modelling came about from research which explored the time 
taken for the carbonation depth to reach the depth of the cover reinforcement 
(DuraCrete., (1998) and (Yoon et al., 2007). As mentioned earlier, there has also 
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been a necessity for the correction factors of kurban to be included to show how the 
proximity to industrial or built-up areas will often show higher CO2 rates within 
these areas. As this is calculated from the year 2000 forward, the relationship is 
shown as: 
𝒙𝒄(𝒕) = √
2𝐷𝐶𝑂2(𝑡)
𝑎
𝑘𝑢𝑟𝑏𝑎𝑛𝐶𝐶𝑂2(𝑡 − 1999) (
𝑡𝑜
𝑡 − 1999
)
𝑛𝑚
       𝑤ℎ𝑒𝑟𝑒 
 𝑡 > 2000 
𝐷𝐶𝑂2 (𝑡) = 𝐷1(𝑡 − 1999)
−𝑛𝑑  
𝑎 = 075𝐶𝑒𝐶𝑎𝛼𝐻
𝑀𝐶𝑂2
𝑀𝐶𝑎𝑂
 
Under the following premises: 
• 𝐶𝐶𝑂2 (𝑡: is the time-dependant mass concentration of ambient CO2)  
• 𝑘𝑢𝑟𝑏𝑎𝑛 is the influencing increase of CO2 within built-up environments 
• 𝐷𝐶𝑂2 is the diffusion coefficient of the concrete to carbon dioxide 
• 𝑛𝑑 is the influence of time on the diffusion coefficient (above). This is impacted 
by the number of cyclic wetting cycles which is represented by  𝑛𝑚=0 for 
undercover, or non-exposed environments, while 𝑛𝑚 = 0.12 for exposed 
environments. These are taken further form the following values for 𝑛𝑑 
Table 2-7 Mean Parameter Values of nd (Yoon et al., 2007) 
Water cement 
ratio 
Diffusion Coefficient 
(x10-4 cm2)  
Nd 
0.45 0.65 0.218 
0.5 1.24 0.215 
0.55 2.22 0.240 
 
• 𝐶𝑒is the content of cement within the concrete 
• αHis the degree of hydration which is based upon a surrounding temperature 
of 20 degrees and RH of 65% which de Larrard (1999) described as:  
αH ≈ 1 − 𝑒
−3.38𝑤/𝑐   
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Further to this, other research presented the results of accelerated carbonation 
testing within a laboratory  (Baccay et al., 2006). It examined how the 
atmospheric temperature and cement type influences the rates of carbonation 
(with 15% CO2 concentrations). The experimental procedure had 0.55 w/c 
concrete blocks exposed to temperature conditions of 20 °C, 30 °C, and 40°C. The 
results showed that OPC concrete had better corrosion resistance at low 
temperatures, whereas the blast furnace slag cement showed better corrosion 
resistance at higher temperatures. These results were consistent with the 
Arrhenius temperature equations that are explored later in this research.  
1.1.1 Assessment of free and bound chlorides  
The process of hydration of Portland cement will frequently result in the 
formulation of Friedel’s: 
(3𝐶𝑎𝑂 ⋅ 𝐴𝑙2𝑂3 ⋅ 𝐶𝑎𝐶𝑙2 ⋅ 10𝐻2𝑂) 
or Kuzel’s salts:  
(3CaO ⋅ Al2O3 ⋅ 0.5CaSO4 ⋅ 0.5CaCl2 ⋅ 10(11)H2O) 
The creation of these salts is regarded to take place in the hydrated calcium 
aluminate phase during which the chloride ions from the external environment 
will react with C3H ions and the resultant product is Friedel’s salt. Conversely, 
the reaction with C4AF will continue the production of Kuzel’s salt.  
The production of the Friedel’s salt was also found to be the result of a mono 
sulphate (AFm) reaction with the surrounding chloride ions. Kobayashi et al  
(Kobayashi et al., 1991) then noted that the chlorides may then dissolve into the 
solution within the pores and increase the quantum of chloride ingress (Tritthart, 
1989).  
Chloride ion diffusion within a pore matrix can be impeded with the presence of 
CO2 gas as the aforementioned effect occurs and the chloride binding capacity 
reduces. Despite the fact that the assessment of bound chloride within a pore 
matrix may not permeate to the steel reinforcement; careful consideration is still 
required given that any drop in the pH to below approximately 12, the bound 
chlorides now appear to face the risk of disconnecting from their surface and 
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becoming free chlorides (Neville, 1995). This increases the effective risk of these 
areas.  
Given that the impacts of chlorides will often supersede the detrimental effects of 
carbonation; the two deterioration mechanisms are looked at independently. This 
research has concluded that this is not an optimal standpoint given that two 
mechanisms will always work concurrently, and often facilitate or accelerate one 
another.    
2.5. Chloride Transport Mechanisms 
Given that there are significant uncertainties within the scope of this research, a 
framework becomes necessary to encompass all of these variables. Such 
influencing elements will include the material properties of the concrete mixes, 
the transportation models of chlorides through the concrete; which need to be 
acknowledged and dismissed, and also; forecast and effects of environmental 
climatic factors  (Bastidas-Arteaga et al., 2011). 
2.5.1. Methods of measuring chlorides 
The investigation into the ingress of chlorides has been extensively researched by 
many. One fundamental study (Sun et al., 2010,) looked at a time and depth 
diffusion coefficient which proposed a whole-of-life deterioration model which was 
based on an analytical solution to Fick’s 2nd law. This solution was then used 
within nonlinear chloride diffusion equations and the results of the anticipated 
service life are comparable with the Light Con model. As time has progressed, 
and the realisation that the diffusion coefficient is not a constant has occurred, 
this model; with its consideration for the surrounding environment can be used.  
Contrastingly, Zhang and Ba ( 2011) delivered a durability specification on which 
was performance-based and still centred around Fick’s 2nd law. The design 
included a nonlinear relationship encompassing concrete cover, surface chloride 
exposure, chloride diffusion coefficient, and exposure condition. One of their 
evidence-based findings that support the development in more developing 
countries (which will be explored later) was that often an increase in the concrete 
cover distance will provide a higher resilience to overall durability than using a 
zinc-plated or stainless steel reinforcement. The studies went further and 
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explored the benefits of higher performance concrete; however, it was also found 
to not be as beneficial as the increased concrete cover.  
From a more numerical modelling approach, other research formalised a neural 
network algorithm which calculated the chloride diffusion in high strength 
concrete (Song and Kwon, 2009). Chloride testing was carried out under forced 
electrical potential in various concrete mix designs. As the testing was compared 
across various mix designs, the model was reasonably accurate. However, the use 
of more data from a multiple of test specimens improves the accuracy of the 
overall result. Similarly; Wang et al. ( 2010) developed a service life prediction 
model which utilised the Monte-Carlo method and can be easily compared with 
the LIFE-365 program (which will be discussed later). The strength of this 
modelling over that by Song and Kwon (2009) is that it inputs the environmental 
variables into the modelling, which is in line with the methodology of this 
research which reaffirms that inclusion of environmental surrounds is 
paramount for long-term durability modelling.  
Further work was completed by with comparable results and methodologies to 
the LIFE-365 modelling whereby it was discovered that the negative algorithm 
which represents the concentration of chloride ions possesses a linear 
relationship with the electrochemical relationship (Zhang and Ba, 2011). This 
relationship which was carried out with accelerated migration techniques 
supports the results that are calculated in LIFE-365 modelling which is 
discussed in further detail within this chapter.  
Similar to research of Wang et al. ( 2010)  the Monte-Carlo method was again 
used by Martin-Perez and Lounis ( 2003) where an FE based model was used in 
conjunction with a reliability based approach to evaluate the damage of a 
structure. This approach was novel in the sense that it utilised two separate 
models to determine the future viability of a concrete asset. This raised questions 
of the viability of utilising various modelling techniques when reviewing ingress 
of chlorides into concrete for both long term and short-term modelling.  
As necessary as long-term modelling is, there is also need by industry to 
understand what the characteristics of a particular concrete will be at a 
particular point in time. Andrade and Andrea (2010) developed a method to 
understand the propagation periods and curing efficiencies using electrical 
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resistivity. This resistivity calculation relied on the moisture content and the 
interconnectivity of the pore matrix. This study pronounced that the most 
influential factor in the rate of chloride ingress is the diffusion coefficient.  
The importance of the diffusion coefficient has become a common quantifier for 
the expected rate and degree of chloride ingress. Similarly, others provided 
consensus on the impact of the diffusion coefficient on the reinforcement 
corrosion rates of concrete under stress and exposed to chlorides (Li et al., 2011). 
The study found that stressed concrete; with a realistic level of micro cracks, 
significantly increases the rates of chloride ingress. The author then goes on to 
question why typical chloride testing is carried out on un-stressed concrete when 
realistically, concrete during its service life will exhibit the micro cracking as 
noted in the research.  
Another such study that investigated the impacts of diffusion coefficients and 
surface chloride contents is presented by Alizadeh (2008) whereby samples are 
exposed to the splash zone of water from the Persian Gulf. The significance that 
the curing technique has on the corrosion propagation timing is notable however 
is limited to being represented by the regression coefficient. Within any research, 
it is important to review and validate through in-situ test sites such as the 
research conducted by Costa and Appleton (1999) who investigated samples 
made of several different mix designs exposed to various exposure conditions. 
Although this study presented a strong case for the case of naturally exposed 
samples, there is also reason to support the accuracy that is found in laboratory 
environments whereby all variables can be controlled.  
The investigation into effective service life continues with the insight into the 
specific critical chloride content levels which indicate when samples of w/c ratio 
of 0.48 commence corrosion when subjected to accelerated corrosion tests. These 
tests by Chai et al. (2011) provided an indication that the inclusion of mineral 
admixtures within the concrete mix design will often prolong the serviceable lift 
of the asset by preservation of the passive film around the reinforcement. Most 
notably was the extension of service life when admixtures such as cement fly ash 
or GGBS. There is further exploration of this area later within this research.  
Length of service life is a critical specification of the successful design of a 
concrete structure. In the case of Cheung et al. (2009); a two dimensional FE 
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coupled model predicted the time to corrosion initiation. The research noted that 
the window of time up until corrosion initiation was a critical factor in the overall 
serviceable lifespan of the structure. Further, the study noted that the 
surrounding environment would also dictate the time to corrosion initiation 
which included the source chloride concentration, the humidity, and the cover 
distance. As is discussed later in this research; Cheung et al. (2009) noted that 
the surface chloride concentration does have a quasi-linear increase with the nth 
root of time. It is then noted that this value increases quickly and reaches its 
maximum in 5 years. Although this is in agreement with the notion that the rate 
of chloride ingress will eventually not be affected by the surface chloride value, 
discussion must occur around the validity of this stance as the maximum value is 
likely to be reached sooner if the sample is exposed to an environment with a 
higher chloride ion concentration.  
2.5.2. Modelling the Chloride Ingress - FIB Model Code 2010 
The model code presented by FIB aimed for higher accuracy and a performance-
based model to serve the requirements of a life cycle analysis that was built from 
the conditions of structural behaviour rather than prescribes solutions which had 
dominated the modelling sphere in the past. As such, the model derives 
consideration for the design, construction, operation and serviceability of the 
asset for its entire life span. The structure of the model based on reliability based 
method to allow for the variability of input parameters.   
This change in perception for the performance based approach involved the 
expectation that a structure would perform to a particular set of guidelines for 
the duration of its design life. Conversely, the required design life, represented 
by tSL relates to the service life requirements for the specific service life.  In 
addition, the case for remediation works on pre-existing structures is defined as 
tResSL which indicates the revised remediation lifespan required out of the asset.    
Further to the remediation timeline, the fib model assesses performance as a 
split into three distinct categories: 
Serviceability relates to the likelihood of the asset performing under the expected 
conditions; both environmental and imposed, that the service will endure.  
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Structural capacity – pertaining to the forces that are applied to the structure 
during construction such as curing and workmanship and the imposed forces that 
inherently are applied over the serviceable life span. In addition to these 
expected forces, there is also consideration placed around the incidence of 
exceptional forces of intermittent high loading and impact as well as irregular 
environmental forces 
Sustainability – which relates back to a whole-of-life review of the capacity of the 
structure to continue to perform with allowance for admixtures to reduce overall 
carbon footprints. Further, the sustainability index reviews the use of resources 
for improved design and construction methodology.  
Discussion surrounding specific limit state design should be made given that the 
serviceability limit state which defines the structure serving its intended 
capacity may differ from the safety limit state which could be jeopardised by a 
small amount of spalling or cracking concrete. The distinguishability between 
these two states must be recognised by the user as they may be prioritised 
differently depending on the context.  
2.5.2.1. Fib reliability index 
Within the Fib model, there is acknowledgement of the probability to failure 
which is denoted as the target reliability level which relates back to the 
acceptable failure probability pertaining back to the typical serviceability of the 
asset under expected operational conditions. The relationship has been noted  to 
be shown as the target reliability index (β) where φ–1( ) relates to the standard 
normal probability distribution function and the  Pf relates to the probability of a 
collapse or failure occurring (EuroCode, 2002).  
𝛽 = – 𝜑– 1(𝑃𝑓)   
Despite the probabilistic nature of this index, this author reaffirms that the 
failure probability must always be limited to a particular time period, and failure 
to do so can result in unachievable reliability indices being produced that will 
derive a constant for the reliability index despite a fixed time for the serviceable 
lifespan. 
In an attempt to define the relationship between these variables, the Eurocode  
proposed the following relationship (EuroCode, 2002): 
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Pf 10-1 10-2 10-3 10-4 10-5 10-6 
β 1.28 2.32 3.09 3.72 4.26 4.74 
 
 Discussion from (Gulvanessian et al., 2002.) noted that the above relationship 
data holds similarity to the fib model in the manner by which the model 
addresses the quality management measures over the lifespan of the structure.  
To further develop this (ISO, 2010), a partial factor method was used to assist in 
encompassing the variability of structures that the fib model is applied to. These 
are defined so that the deliverables are met over a lifespan of fifty years: 
• β = 1.5 for SLS verification 
• β = 3.1 for fatigue verification 
• β = 3.8 for ULS verification 
Although these partial factors assist with the diversification of assets that the fib 
model can be applied to, there is still further work to be completed with respect 
to intermittent maintenance and the impact that this has on the residual 
lifespan, dynamic lading and impact forces, and a more concise discussion and 
modelling around the sustainability calculation.   
2.5.2.2. Probabilistic Methods 
Several studies (Bastidas-Arteaga et al., 2009) (Rajasankar and Iyer, 2006) have 
attempted to use probabilistic methods to encompass the distribution of variables 
in deteriorating mechanisms of RC structures. Kong et al. (2002) explored a 
reliability analysis which illustrated the inconsistencies around concrete mix 
design, however the research was restrictive as it only explored saturated 
concrete. Further to this research, Val and Trapper (2008) presented a two-
dimensional modelling of probabilistic evaluation of corrosion initiation time,  
however did not manage to encompass the environmental variables such as 
temperature and humidity  
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2.5.3. The Nernst-Planck Approach 
Throughout this research the modelling of chloride transport through a medium 
and subsequent diffusion coefficient calculation has been surrounded by the 
notion of Fick’s Second Law of Diffusion as described above.  
However, the deterioration forecasting of concrete structures considers the 
porosity, permeability, and chloride diffusion coefficients which can be 
understood through various migration tests including ASTM C1556-11a, ASTM 
C1202-10 and ASTM C1543-10a. As noted in the preamble of ASTM 1556-11a, 
such testing on concrete materials cannot be carried out since the cementitious 
materials are fully hydrated during the curing process. Given that this 
timeframe is typically taken as 90 days, the time taken to conduct a full 
assessment on a new sample becomes tedious.  
As such, the demand for a test that did not rely solely on the diffusion, but rather 
from constant electrical potential difference across the sample have been 
increasing until such time that the Nernst-Planck equation was formulated.  
In summary, the Nernst-Planck equation outlines the ionic movements in 
concrete that is fully saturated through measurement of the chemical and 
electrical potential through: 
𝐽𝑖 = 𝐷𝑖
𝜕𝐶𝑖
𝜕𝑥
+  
𝑧𝑖𝐹
𝑅𝑇
𝐷𝑖𝐶𝑖
𝜕𝐸
𝜕𝑥
   
Where ci is the concentration of ions of the species ‘I’ in the pore solution; x is the 
distance; F is the Faraday constant, R is the gas constant; zi is the electrical 
charge of the element I; E is the electrical potential; Ji is the flux of specie I; 
∂E/dx is the strength of the electrical field, Di is the diffusion coefficient of the 
sample, and T is the absolute temperature.  
When conducting this test, there is often evidence of an internal electrical field 
that is produced by interactions between particular ions (Cl-, OH-, Na+, and K+) in 
addition to the external potential that is applied during the migration test. 
Consequently, the electrical field within the migration flux of the above equation 
is dependent on the electrical potential applied; as well as the potential 
generated from the effective membrane. It is often this difference that makes up 
the subsequent charge that has been created as a requirement of charge 
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neutrality. This neutrality of the system is often due to an excess of charge that 
builds up this membrane potential in an attempt to compensate the flux of the 
sample and accommodate the notion that different ions move and diffuse at 
different rates.  
2.6. Alternative Transport Mechanisms 
The most significant factor accelerating the deterioration of reinforced concrete 
structures to date is the corrosion of the steel due to chloride intrusion. The high 
alkaline environment of the concrete cover; which provides a minimum of 50mm 
of protection to the steel reinforcement bar provides immediate protection from 
chlorides of the external environment. If the alkalinity of the concrete around the 
steel is not compromised, which can occur because of other processes such 
carbonation, one can assume that the steel will remain in a passive state. Despite 
this, should chloride ions still exist within the vicinity of the reinforcement, 
pitting corrosion can still be found if the pH of the surrounding environment is 
higher than 11.0.  
It has been found that (Al-Amoudi et al., 1992) the presence of ions does not 
necessarily need to be a result of a surrounding external environment – it can 
often be a result of contamination of the ingredients used in the concrete mix 
designs. For example, Al-Amoudi et al. (2003) confirmed that the prevalence and 
severity of chloride induced corrosion is found more commonly where the mix 
materials have been quarried or are taken from high saline areas. In such 
regions, like the Arabian Gulf, or inland Australia, water, sand and coarse 
aggregates are contaminated with chlorides and sulphate salts and these will 
often be sufficient to commence the corrosion within the steel.  
Another area where mix materials can possess contaminated material is using 
recycled materials from the construction and demolition industries. As markets 
become more competitive, there is growing push for construction companies to 
procure cheaper methods of building which will fuel this growing culture of using 
recycled construction materials.   To map the ingress of chlorides from external 
environments, Bertolini et al. (2004) described the four basic mechanisms which 
facilitate the movement of ions and fluids into concrete pores: capillary suction, 
due to surface tension acting in capillaries of the surrounding cement paste; 
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permeation, as a result of pressure gradients; diffusion, due to concentration 
gradients; and migration, due to electrical potential gradients. The varying 
mechanisms of the transport of chlorides are an area which is yet to be fully 
understood and quantified within one holistic equation. The barriers of this 
solution are often a result of the extremely large number of variables which may 
influence these movements, but also the numerous transport mechanisms which 
are utilised in the movement of chlorides though concrete. 
Within this study, the mechanisms which are likely to be of greatest influence 
will be the capillary suction, and diffusion.   
 Not indifferent to chloride ingress modelling of other chloride saturation 
mechanisms (tidal, submerged, splash), the effects of aerosol chlorides can also be 
modelled by Fick’s 2nd law of diffusion. When modelling this ingress, it is 
important to recognise the surface concrete layer which often exhibits alternative 
properties to the mass concrete, closer to the steel reinforcement. This exterior 
layer; usually several millimetres; depending on the properties and age of the 
concrete structure, will possess a higher chloride/binder content as a result of the 
continuous wet/dry cycles (Andrade and Alonso, 1995).  However, the concept of 
wet/dry cycles is not limited to the full saturation which is exhibited within 
splash zones, as mild saturation also occurs within the atmospheric affected 
areas of concrete. This is where Tang and Nilsson (1996) described the benefits of 
using finite element analysis to assess the varying stages of chloride ingress and 
the variables which can influence this transport.   
 
This two-tiered approach to the testing of chloride ingress must be acknowledged 
as the mechanisms for transport can differ significantly between the two zones. 
For example, testing has shown that the exterior few millimetres of the concrete 
sample will experience wetting and drying cycles which facilitate the capillary 
absorption method of uptake. Conversely, after penetrating this zone, chlorides 
will often be carried through diffusion to the steel reinforcement bar to facilitate 
corrosion (Nilsson et al., 2000, B.Toronto, 1999.). This action is shown through in 
Figure 2-3 whereby the initial layer; known as the convection zone exhibits the 
capillary absorption whilst the remainder of the mass concrete experiences 
diffusion as a transport mechanism.   
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Considering this, there is a growing trend within chloride ingress literature for 
modelling to focus on the diffusion zone; through mechanisms such as Fick’s 2nd 
Law as it is argued that the convection zone derives an inaccurate representation 
of the true chloride content in close proximity to the reinforcement bar.   
 
Figure 2-3 Schematic representation of rescaling two-zone profiles (G.R. Meira et al) 
Within the realms of chlorides penetrating reinforced concrete, researchers will 
often speak of ‘internal chlorides’ and ‘external chlorides.’ However, the 
immersion of chloride ions into concrete can take several forms: They can be free, 
whereby the ions are completely dissolved within a pore solution; Chemically 
bound, where the chlorides will react with the hydration compounds of the 
cementations paste; notably with C3A, which will create calcium 
chloroaluminate; physically bound, which are attracted to the pore surface by 
Van der Waals forces; and finally, in a chemisorbed state.  
Within this research, and in correlation with chloride ingress assumptions, the 
free chloride ions will be assumed to be the prominent form of chlorides, which 
cause corrosion. However, there is still significance around the notion that there 
are three states that chlorides exist within concrete (Berman, 1972). Firstly, they 
can be physically fixed to the surface of the internal materials or hydration 
products, secondly, they can be chemically bound to the hydration products, or 
finally, they may appear free within the pore solution.  
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2.6.1. Methods of Chloride Ion Movement 
It is important to note that when analysing the transport of chlorides into a 
concrete matrix, diffusion is not the sole method of transport. This is a restriction 
of the use of Fick’s 2nd law as it does not encompass other mechanisms such as 
capillary absorption or convection. Sample tests which are taken from structures 
exposed to chloride-rich environments can often be difficult to interpret due to a 
lack of consistency.  This occurs because it is assumed that diffusion is the only 
transport mechanism involved and thus, the position on the structure where the 
sample is taken from will yield different diffusion coefficients for the same 
material. Such inconsistencies arise from differing variables such as height above 
sea level, prevalence of impact and crashes, exposure to sunshine, and other 
variables such as temperature, humidity etc.  Studies have shown that such 
inconsistencies in diffusion coefficient are caused by other means of chloride 
transport clouding the results. For example, the studies of an oil platform in 
tropical waters off the coast of Brazil showed that the convection velocity on the 
northern side of the platform was almost double that on the western side. Within 
this location, it was the prevailing direction of warmer winds was from the north 
which facilitated the wetting/drying phenomena; and thus, capillary absorption 
(da Costa et al., 2013).  In closing, the study highlighted that chloride 
penetration cannot be exclusively represented by Fick’s 2nd law, and diffusion 
transport mechanisms.  
In light of this, it is obvious that diffusion and convection need to be considered 
in unison with each other to ascertain a more coherent understanding of chloride 
profiles and an individual structure’s resistance to chloride transport.  
2.6.1.1. Capillary Suction 
It is important to remember that the capillary suction of chlorides through 
concrete will not always produce an accurate result of the chloride content within 
the adjacent depths which do not experience capillary suction; thus, rapid 
chloride ingress should be limited to the concrete cover, and chlorides should not 
reach the critical level during the capillary suction (Nygaard and Geiker, 2005a).  
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2.6.1.2. Convection-diffusion models 
It has become evident that the effects of capillary absorption need to be 
acknowledged when observing the transport of chlorides through concrete. When 
reviewing convection-diffusion models, capillary suction is often modelled by 
means of a convective term (Guzman et al., 2010).  When concrete absorbs fluids 
possessing chlorides, the ions are transported though the convective flow of the 
pore solution. Thus, this modelling will depend on the convection velocity of the 
ions and the diffusion coefficient of the concrete. As mentioned earlier, this 
diffusion coefficient must be taken from a semi-submerged zone, as this will be 
mostly independent of capillary suction.   
Guzman et al (Guzman et al., 2010) proposed a capillary suction equation: 
𝑞𝑤 =  −𝐾  𝛻 𝑤 
Where qw is the flux rate (m/s) and K is the diffusion coefficient (m2/s) which has 
always been considered as a static factor in the past. Guzman then discovered 
that dependant factor on the rate of capillary suction was not the water content, 
w; but instead the relative humidity (the ratio of the amount of water vapour in 
the concrete pores to the amount following saturation at a certain temperature).  
Therefore, the equation becomes: 
𝑞𝑤 =  −𝐷 ℎ 𝛻 ℎ 
 
This equation now relates the diffusion coefficient with the effective and change 
in relative humidity of the area in question. It demonstrates the inverse 
relationship that is experienced when observing this capillary suction 
phenomenon.  
2.7. Mathematical models of chloride ingress 
2.7.1.  Fick’s 2nd Law of diffusion 
Diffusion occurs when concrete is in its saturated state and is attempting to 
maintain a state of equilibrium of concentration (be that chloride ions or other) 
throughout its pore matrix. 
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In earlier papers investigating the transport of chlorides, there was a consistent 
notion that the diffusion coefficient; Dc, could be represented by a static value – 
which inherently, is not an accurate representation of the changing nature of the 
diffusion coefficient (Tamimi et al., 2008).  
 Tuutti (1982) described the parameters which must be considered if Fick’s 
second law of diffusion was used to model the movement of chlorides through the 
concrete matrix. These included the assumptions of concrete homogeneity, 
constant chloride diffusion coefficient, constant chloride concentration on the 
exposed concrete surface, and chloride flow in saturated conditions.  
Fick’s 2nd law is interchangeable across many materials however is well suited to 
concrete given its interactive nature with its surrounding environment.  To do so, 
the law considers mass conservation as a single unit and the control volume is 
utilised to calculate the gradient of change of the sample concentration as shown 
in the relationship below: 
𝜕𝑐
𝜕𝑡
= −
𝜕𝐽
𝜕𝑥
 
Where c is the concentration, t is time, J is the flux, and x is the distance; or in 
this case, the depth from the surface of the concrete.  
In order to attain Crank’s solution, consideration must then be given to Fick’s 1st 
law which describes how the flux of a species is proportional to the concentration 
gradient, such that: 
𝐽 = −𝐷
𝜕𝑐
𝜕𝑥
 
 
Where D is the diffusion coefficient – in this case in m2 /s 
There then needs to be certain boundary conditions applied to the solution of the 
differential equation such that: 
• For the infinite condition: c = 0, when x = ∞, and t > 0 
• For the initial condition: c = 0, when x > 0 and t = 0 
• C = co, at x=0, and t > 0, where co is the concentration of free and bound 
chlorides at x = 0, t > 0 – in (mol/m3) 
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As these boundary conditions are applied, Crank’s solution provides the 
following: 
 
𝐶(𝑥,𝑡) = 1 − 𝑒𝑟𝑓 (
𝑥
√4𝐷𝑡
) 
2.7.2. Variations to Fick’s 2nd law 
There has been much discussion into the finite element analysis of chloride 
ingress into concrete structures. Such an approach has been deemed as necessary 
to attempt to encapsulate the variables which influence the rate of transport of 
chloride through concrete. In studies conducted by others, such variables were 
utilised in the approximation of an apparent diffusion coefficient (Maage et al., 
1995, Boddy et al., 1999).  
The chloride concentration at depth i and time j is depicted by Cij while Δx is the 
variation in depth, Δt is the variation in time, Dapp is the apparent diffusion 
coefficient, Do is a referential diffusion coefficient, f(t) is a function of the 
influence of time, f(T) is the influence of temperature, f(SD) is the water 
saturation degree of concrete on apparent diffusion coefficient.  
𝐶𝑖𝑗 + 1 = (
𝐶𝑖+1𝑗 − 2𝐶𝑖𝑗 = 𝐶𝑖 − 1𝑗
𝛥𝑥2
) ∗ 𝛥𝑡 ∗ 𝐷𝑎𝑝 + 𝐶𝑖𝑗 
𝐷𝑎𝑝 = 𝐷𝑜 ∗ 𝑓(𝑡) ∗ 𝑓(𝑇) ∗ 𝑓(𝑆𝐷) 
 
2.7.3. Surface chloride levels 
It has been widely accepted that the surface chloride concentration will often be 
dependent on the chloride binding capacity of the concrete, the porosity of the 
concrete, and the environmental conditions of the structure. Unlike sampling for 
chlorides at submerged levels, the concentrations for surface chlorides  can vary 
significantly depending on the salt crystallising and dissolving phenomena which 
can occur at heights above the high water mark due to the effects of wetting and 
drying (Guzman et al., 2010). Chlorides are known to exist in higher frequencies 
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here as there is always opportunity for the chloride ions to migrate into the 
concrete surface without being washed away as they may in tidal areas.  
There was a thorough investigation into the various forms and magnitudes of 
surface chloride content. Many of these areas were discussed previously within 
the literature review, however there needs to be differentiation to understand the 
build-up of free chlorides in different spray environments (Uji et al., 1990a).  
The wet and dry cycle times were discussed by Uji et al. ( 1990a) and were 
denoted to vary with the frequency of wetting and drying. Testing was carried 
out and was reported as follows (Collins and Grace, 1997): 
Table 2-8 Surface Chloride Content through Wetting and Drying Times 
Zone Mean COV 
Atmospheric > 1km from coast 1.15 kg/m3 50 
Atmospheric < 1km from coast 2.95 kg/m3 70 
Splash zone at water’s edge 7.35 kg/m3 70 
All the above values showed characteristics of a lognormal distribution. Although 
there is some logic behind the ideal that the surface chloride will increase with 
time, the concentration will tend to reach a value and remain at this point; with 
some slight variance to allow for wetting and drying cycles. These values are 
utilised later within this research in the zoning assessment of the concrete asset 
deterioration forecasting. 
2.7.3.1. The time dependency of the surface chloride 
Much like the diffusion coefficient, there has been recent discussion on the time 
dependency of the surface chloride levels. Amey et al. (1998b) suggested a refined 
model for the surface chloride concentration which is now being used 
commercially through the LIFE 365 program. To encapsulate this, there have 
been two commonly utilised representations of the build-up of chlorides on the 
surface of concrete assets. This relationship both in linear and square root form 
are shown below: 
𝐶𝑠(𝑡) = 𝑘1 ∗  𝑡 
𝐶𝑠 (𝑡) = 𝑘2 ∗  √𝑡 
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Whereby Cs(t) = surface chloride concentration at time t (%/m3), and for the best 
fit; k1 = 0.137%/yr and k2 = 1.001%/yr. Despite their somewhat widespread use, 
these equations do not incorporate the initial build-up of chlorides on the surface 
of the concrete when first exposed to the saline environment. Likewise, the above 
equations can also overestimate the Cs value as detailed by Bentz et al. (1996) 
whereby the numerical solution was giving results of 8.2% and the exposure test 
data, after 60 years was only 6%.  
In redefining this relationship, Bentz et al. (1996) presented: 
𝐶𝑠(𝑡) = 𝐶𝑜 + 𝑎 ∗ 𝑙𝑛 (𝑡) 
 
Where a = 0.977% / exp (yr) which is illustrated in Figure 2.5 
 
Figure 2-4 The time dependency of surface chlorides E.C. Bentz, C.M. Evans et al. 1996) 
Furthermore, the above models do not allow the incorporation of the type of 
exposure (submerged/tidal/atmospheric) which will also play a significant role in 
the accuracy of the model. To illustrate these values, modelling has been carried 
out as part of this research to more accurately link the surface chloride levels 
with the surrounding environment.  
2.7.4. States of chlorides 
There is still discussion within literature around the variations of the three 
states that chlorides can be categorised into and how a morph from one state may 
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affect the state of another (McGrath, 1996.). This notion comes from the concept 
that the majority of bound chlorides will be bound to an ion exchange site on the 
C-S-H gel (Calcium Silica Hydrate), which does suggest some ability for these to 
revert back to free chlorides (Tang, 1993).  
2.7.5. Methods for testing for chloride content 
There are several methods by which the chloride content within concrete can be 
measured. These methods are set out in Table 2-9.   
Table 2-9 Methods for testing chloride content 
Method Technique Restrictions 
Rapid Chloride 
Permeability Test 
The charge that is measured 
between two points is used to 
distinguish the ionic movement 
The measurement taken 
when in use analyses the 
net movement of all ions  
Rapid Chloride Test A potential difference of a 
certain liquid is compared 
against a liquid with 
established chloride 
concentrations 
There are certain materials 
inherent to the concrete 
that affect the outcome  
Potentiometric Titration Various water soluble and 
acidic methods are used with 
the end volume indicating 
chloride content.  
This test requires extensive 
experience and cannot be 
carried out in a basic 
laboratory 
Electrical Resistance 
Test 
Slender conductors are 
connected to two copper plate 
electrodes which are then 
connected to the resistivity 
meter.  
The surrounding 
environmental conditions 
affect the results of the test.  
Bulk diffusion test 3% NaCl solution which is 
ponded to the top surface and 
saturated with lime water. 
Segment is taken and sampled 
Test takes a long duration 
to complete 
Quantab Test White marks on testing strips 
are inspected following the 
reaction between the chloride 
ions and silver dichromate.  
Several of the chemicals 
used can be hazardous and 
there is a high cost 
associated with conducting 
the test  
Salt Ponding Test 3% NaCl is dammed on the top 
surface and bottom face is left 
uncovered. Following a period of 
time, a segment is taken and 
tested for chloride content.  
Test values give an overall 
average rather than a 
specific result at a certain 
point. Long experimental 
times. 
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2.7.6. Diffusion coefficient 
The development of the diffusion coefficient has progressed a long way as further 
studies of greater scale are undertaken. The modelling of chloride ions into 
concrete was first presented by Collepardi et al. (1970) which extracted the 
analytical solution of Fick’s second law to evaluate the diffusion coefficient. 
Within these earlier studies of chloride transport, the long-term prediction of 
chloride concentrations based on this mathematical relationship, which 
inherently assumes a static, unchanging value of Dc, which, is not an accurate 
representation of how the diffusivity of concrete changes over time.  
Some decades after Collepardi’s discovery of this model, it was understood that 
the diffusion coefficient was not a material property which then drove the 
development of other models. The development of the Duracrete (1998) sought to 
overcome this issue by including notable variables within the equation to allow 
for the material variability of the sub straight. These factors consider the curing 
conditions, the degree of saturation, and the deviation of the chloride diffusion 
coefficient.  
The inclusion of these factors significantly increased the accuracy of modelling 
these ions as well as the inclusion of the DRCM allowed for empirical results of NT 
Build 492 migration testing to be included in the testing. 
A prominent study (Meira et al., 2010) on the effects of atmospheric chlorides 
showed the detrimental effects that water content could have on the concrete 
porosity, and thus, the susceptibility to chloride ingress and corrosion.   
Figure 2-5 depicts the chloride content at varying depths of three different 
concrete sample, all located 10 meters from a prominent source of aerosol 
chlorides. The samples, C1, C2, and C3 exhibited w/c ratios of 0.5, 0.57, and 0.65 
respectively. This demonstrates how higher water content will always show a 
larger magnitude of chloride ingress due to a higher permeability of concrete. 
This concept is further explored within the discussion and recommendation 
section of this paper.   
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Figure 2-5 Chloride content at varying depths 
The diffusion coefficient has been deemed to be one of the most highly used 
coefficients in the modelling of chloride ion penetration through concrete, and is 
often taken as a known figure from a surrounding structure based on earlier 
testing. However, given the variable nature of the surrounding environment and 
the effects that this can have on the chloride movement, the coefficient should be 
an intrinsic material parameter, depending only on the material characteristics 
and mix design of the concrete and independent to external conditions (da Costa 
et al., 2013). In doing so, the diffusion coefficient can become a numerically 
predictable coefficient which can be calculated to certain concrete mixes.  
A more extensive review of the reported D and Cs values is shown below which 
includes the concrete mix of the sample and the exposure condition by which the 
results were taken. It is worthwhile noting that surface chloride values (Cs) are 
often expressed as a percentage of the cement (or binder) content, and therefore 
the cement content of observed studies should be detailed. However, for 
consistency – and knowing that many of the observed studies did not detail the 
cement content, we will assume that the cement content will be 350kg/m3. 
Table 2-10 A summary of Published Diffusion Coefficients  
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Cs (% /  
binder) 
D ( x 10 
^-12 
m2/sec) 
Time 
(Years) 
Exposure Binder W/B Ref 
0.83-5.23 - 23-58 In-situ (splash) OPC - (Uji et al., 
1990b) 
2.39-6.41 - 23-58 In-situ (tidal) OPC - (Uji et al., 
1990b) 
0.8-3.6 - - Controlled 
(submerged) 
OPC 0.4-0.6 (Angst et al., 
2001) 
0.2-2.43 - 30 In-situ (aerated) OPC - (S., 1992) 
3.74-5.54 3.52-
4.66 
16 In-situ (tidal / 
splash)  
OPC - (Funahashi, 
1990) 
0.43-2.22 - 23-58 In-situ (aerated) OPC - (Uji et al., 
1990b) 
1.50-3.10 2.13-
3.39 
24 In-situ ( tidal / 
splash)  
OPC 0.5 (Liam et al., 
1992) 
0.52-0.74 - - Controlled 
(submerged) 
OPC 0.45 (Nygaard and 
Geiker, 2005b) 
0.016-
0.143 
4.41-
4.91 
1 Controlled 
(aerated) 
OPC 0.5 (Mustafa and 
Yusof, 1995) 
0.1–0.19 - 10 Controlled 
(submerged) 
OPC 0.45 (Hope and Ip) 
0.6 - - Controlled 
(submerged) 
- - (V.K. Gouda, 
1970) 
1.33 - 2 Controlled 
(submerged) 
OPC 0.6 (Gjørv and 
Vennesland, 
1979) 
0.4–1.3 - - Controlled 
(submerged) 
OPC 0.4-0.6 (Morris et al., 
2004) 
1.97 3.5 20 In-situ ( tidal / 
splash)  
OPC - (Kudoh et al., 
1991) 
2.55 - 2 Controlled 
(submerged) 
OPC 0.5 (Gjørv and 
Vennesland, 
1979) 
0.48, 3.05 6.53, 
7.85 
3,8 Controlled (tidal) OPC 0.66 (Dhir et al., 
1996) 
3.53 2.142 15 Controlled 
(submerged) 
OPC 0.45 (Mohammed et 
al., 2002) 
0.64, 3.25 0.76, 
0.56 
3,8 Controlled (tidal) 70% 
GGBS 
0.48 (Dhir et al., 
1996) 
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Cs (% /  
binder) 
D ( x 10 
^-12 
m2/sec) 
Time 
(Years) 
Exposure Binder W/B Ref 
4.08 - 2 Controlled 
(submerged) 
OPC 0.4 (Gjørv and 
Vennesland, 
1979) 
4.12 0.486 15 Controlled 
(submerged) 
GGBS 0.456 (Mohammed et 
al., 2002) 
0.69, 3.66 3.98, 
3.25 
3,8 Controlled (tidal) 8% SF 0.72 (Dhir et al., 
1996) 
0.63, 4.54 0.89, 
0.78,  
3,8 Controlled (tidal) 30% PFA 0.54 (Dhir et al., 
1996) 
5.80 0.552 15 Controlled 
(submerged) 
8% SF 0.45 (Mohammed et 
al., 2002) 
2.10, 4.80 1.3, 5.0 1,4 Controlled 
(submerged) 
30%PFA - (Bentz et al., 
1996) 
2.93, 4.72 12, 20 1,4 Controlled 
(submerged) 
OPC 0.4 (Bentz et al., 
1996) 
 
2.7.6.1. The time dependence of D and Cs 
Table 2-10 above highlights the notable difference that the time will have on the 
surface chloride level and the diffusion coefficient. As the cement hydration 
process occurs, and the pore matrix distribution reduces; and the hydration 
products react with the chlorides to for Friedel’s salt which can prolong the 
chloride transport into the concrete. The capillary pore volume and its 
connectivity are pivotal in analysing the transport paths of chlorides and the 
time scale of blocking these paths as the cement matrix hydrates is of particular 
importance (Garboczi, 1993).  
Consequential to this loss of the path of chloride ions, there have been several 
equations suggested to illustrate the time-dependant reduction of the free pore 
matrix of the concrete. (Song et al., 2008) put forward the following equation: 
𝐷(𝑡) = 𝐷𝑜 (
𝑡𝑜
𝑡
)
𝑚
 
Whereby D(t) = diffusion coefficient at time t (m2/s); to = the standard time 
(either 1 year or 28 days – in seconds); t = time; Do = diffusion coefficient at time 
to, and m = a constant value.   
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Constant diffusion coefficients that were proposed by Bertolini et al. (2014) which 
illustrate the influence that fly ash and GGBS will have considering w/c = 0.5 
and samples were cured for 60 days. 
Table 2-11 Stationary diffusion coefficient of varying binders 
Type of Binder D (10-12 m2/s) 
OPC 4.47 
OPC + 30% FA 1.47 
OPC + 65%GGBS 0.41 
 
2.7.7. Permeability of concrete 
There have been significant developments in the standardisation of the 
calculation of permeability in concrete.  AASHTO T259 relates to the resistance 
of concrete to chloride ion penetrations and is better known within literature as 
the ‘salt ponding test.’ This test reveals the long-term diffusion coefficient when a 
static concentration gradient is applied to a small dam atop a 330 x 330 x 90mm 
slab. The concrete is exposed to a 3% NaCl solution for 90 days following a 28-day 
curing cycle. Measures are taken to avoid the effects of evaporation of the 
solution, and surplus solution is added to the dam to ensure there is a continuous 
13mm pool of solution within the dam walls. After the 90 days, a core is taken 
from the area where the solution was left to permeate and slices are taken 
(typically 13mm) to be crushed to a fine powder (of 0.3mm) and potentiometric 
titration is used to calculate the content of chlorides.  
The chloride depth analysis of the potentiometric titration is a test with the 
known disadvantage of the time that is required to carry out the testing 
procedure.  
To address the aforementioned deficits in the ponding test, the AASHTO T260 
test is derived which is known as the rapid indication of concrete’s permeability 
which is more frequently known as the rapid chloride permeability test.  
The rapid permeability test is cantered on an empirical relationship whereby the 
resistivity, or respective electrical conductance and the chloride ion penetration 
test. This procedure is carried out with 50mm radii of concrete cored to 200mm 
long and wet cured for 28 days. The concrete material to be tested is 50mm thick 
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slices which are separated from the above cores. An impenetrable epoxy is coated 
to the exterior of the samples to prevent any undue horizontal moisture loss, and 
one side of the disc is subjected to a 133Pa pressure.  
Following this process of forced ingress under pressure, the samples are 
submerged in de-aerated water for a period of 18 hours before they are subjected 
to a immersion at either side, one possessing a 3% NaCl solution while the other 
side contains a 0.3 normal NaOH solution.  
This immersion is later removed and a 60V direct current is applied across the 
samples which produce a charge passing across the sample which is recorded and 
an effective permeability can be deduced from this charge. Despite this test 
demonstrating the added advantage of time taken to achieve a result, Stanish 
and Thomas (2003) noted that there is likelihood of to be inconsistences in results 
within the latter test procedure.   
2.7.7.1. Testing the permeability of concrete 
There has long been a need for accurately measuring the permeability of concrete 
through non-destructive methods. Given the homogeneous nature of concrete , 
Stanish and Thomas (2003) noted how any sample size of concrete tested must 
utilise a segment of sufficient size that will provide a reasonable representation 
of the wider concrete asset – not simply a localised area.  
There are a range of reported permeability calculation techniques ranging from 
advanced x-ray tomography to pressure induced fluid and air intrusion 
porosimetry which were documented by Collepardi et al. (2000), Tuutti (1982) 
and  Hooton et al. (2009). The forced porosimetry will often create larger void 
spaces within the concrete specimen given the undue force that is applied that 
would typically not be expected within the normal operating environment of the 
asset.  
2.7.7.2. The rate of absorption of concrete 
The Sorptivity of concrete test gives a measurable definition of the concrete’s 
tendency to absorb water through capillary suction. The process can be defined in 
two ways; the accumulative volume of water for a specific area of concrete, or a 
simple rate of permeation which will be given in respect to depth. (McCarter, 
1992 ). 
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There are several assumptions upon which the Sorptivity test is based on. 
Firstly, the effects of gravity may not impact the direction of absorption; 
secondly, the capillary absorption flow must be perpendicular to the direction of 
the reservoir face. Next, there must be an unlimited supply of water at the inflow 
face for absorption, and finally; the material must be homogeneous in the 
direction of the penetration.   
Evidently, the final criterion may not be realistic when working with a 
heterogeneous material such as concrete, however the assumption may be 
considered for the reasoning of the test.  
(Hall and Yau, 1987) simplified the Sorptivity equation to the below relationship: 
𝐼 = 𝐴 + 𝑆𝑡1/2 
Whereby: 
• I = The accumulative volume absorbed/area of the inflow surface (mm3 / mm2 = 
mm) 
• S = Sorptivity of the substrate (mm / √min) 
• A = The intercept at t=0 given the instant saturation of the surface pores 
(mm). Once modelled, this will often render a non-linear result for the initial 
period as the paste skin becomes saturated.  
• t = time in minutes 
The equation is based on the √time law to illustrate the kinetics of the absorption 
of a solution whereby the relationship, S, can be shown by a linear relationship or 
can be calculated by the slope of least squares linear regression line, such that r2 
> 0.98.  
There is often a period after which the rate of absorption will become non-linear 
once absorption through the concrete pore matrix leads to saturation 
. This is typically the point whereby the movement of the solution is better 
modelled through diffusion modelling (Fick’s 2nd law) once the substrate is 
considered saturated.  
It is important to note that throughout this research, the Sorptivity of concrete is 
used as a measurement for the comparison of samples and discussion point 
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rather than a basis of mathematical modelling. The majority of the theoretical 
element of this research revolves around the mode of transport of chloride ions 
being through diffusion, rather than absorption.  
2.7.8. Chloride threshold level 
There has been significant research into the most appropriate methods for 
determining the chloride threshold levels of corrosion (Arup and Sorensen, 1995), 
however there is a growing trend towards mapping the chloride corrosiveness of 
reinforcement off the flexural performance of the steel. The weaknesses in 
previous testing methods continue whereby the concrete mix designs incorporate 
certain chlorides in an attempt to increase the chloride to cement ratio, however 
this creates an unrealistic picture of surrounding chloride levels. In addition, 
samples have also been setup with electrical potential gradients across them to 
enhance the rates of chloride ingress (Trejo and Radhakrishna, 2003).  
It is important to note that the chloride threshold level is often referred to in 
differing lights. Firstly, the Ccrit is sometimes described as the chloride content 
required for de-passivation of the reinforcement steel – this often occurs prior to 
the other (and often more practical) method of determining when the critical 
chloride level has been reached which is when there is obvious dilapidation of the 
reinforcement bar (Schiessl and Lay, 2005). It is then worthy of noting that these 
two methods of measuring Ccrit will draw differing chloride content results – i.e. 
the practical method of declaring Ccrit will draw a higher chloride value and will 
often take longer time than simply awaiting for de-passivation (Andrade and 
Castellote, 2002).    
A broad investigation was carried out by Angst (2011) to review the high 
variability of published results of chloride threshold levels. In doing so, the 
application of ion selective electrodes (ISEs) was used to understand the 
concentration gradients along the path of measurement. These had occurred as a 
result of variability in the pH and the chloride profiles and showed that the 
experimental parameters will drastically impact on the critical chloride levels 
between differing test setups. Further variance in literature is explored in the 
following section.  
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2.7.8.1. Variance in literature 
In researching current and past literature, there was a distinguishable 
variability in results, which showed that the results from tests conducted under 
controlled conditions in laboratories showed a significantly higher chloride 
threshold than those from in-situ areas which were prone to the effects of harsh 
environments. These are summarised in Table 2-12.  
Table 2-12 Published Chloride Threshold Levels (Various) 
Critical Chloride 
Value 
Type of 
Chloride w/c 
Cement    
Type References 
0.2–1.4 Na 
 
OPC (Stratfull et al., 1975) 
1.1-2.0 Na 0.4-0.6 OPC (Manera et al., 2008) 
0.96–1.96 Ca 0.6 OPC (Treadaway et al., 1989) 
0.7 Seawater 0.32-  0.68 OPC (Thomas, 1996, Sandberg, 
1998) 
0.2–0.65 - 
 
FA (Sandberg, 1998) 
0.25–1.5 (Na)  - (Vassie, 1974) 
0.1–0.19 Ca 0.45 OPC (Hope and Ip) 
0.52-0.74 - 0.45 OPC (Nygaard and Geiker, 2005b) 
0.6 Na - - (V.K. Gouda, 1970) 
0.4–1.3 Na 0.4-0.6 OPC (Morris et al., 2004) 
0.8-3.6 - 0.4-0.6 OPC (Angst et al., 2001) 
While it is noted that that there can be a significant variance in the critical 
chloride levels, any small variance within this parameter will have profound 
effects upon the condition modelling of the asset into the future. Therefore, a 
rationale for selecting an appropriate chloride threshold is important in a 
forecasting future   
2.8. Deterioration modelling 
An accurate understanding in deterioration modelling allows the user to estimate 
the effects of chloride ingress at both serviceability and ultimate limit states. The 
effective initiation time that is taken to get to either one of these states is 
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influenced by geometrical characteristics such as cover distance, water/cement 
content, and the distance between flexural supports. The other factor that will 
influence the service life of an asset will be the dead and live loads imposed, as 
well as the surrounding environmental influences that occur on a structure.  
To accurately address the time to corrosion damage, there is good reason to 
obtain the total of the three stages of deterioration involved with this process. 
The total time Ttot to severe cracking or failure of a structure can therefore be 
taken as corrosion initiation, Tcorr plus the crack initiation Tc – which in this 
research is referred to the time taken for the first hairline crack to appear within 
the structure; plus the crack propagation Tp. This then creates the relationship 
that Ttot = Tcorr + Tc + Tp. It is then important to understand that the initiation of 
corrosion is the element of the relationship that is critical, however it is the 
availability of the key ingredients of corrosion that then drives the propagation of 
the process.  
2.8.1. Condition modelling  
The deterioration of a structure and the mechanisms by which this occurs is a 
critical element for infrastructure managers to comprehend and act upon. There 
is a necessity to clearly understand the cost-effectiveness ratio of a condition 
modelling assessment to act in an informed manner around nil-action, 
remediation, or replacement. This condition modelling which in effect, feeds into 
the deterioration modelling forms much of the basis of this research by 
illustrating the necessity for all modelling partners to utilise accurate modelling 
techniques which embody not a static environment, but a changing climate – 
realistic of future years.  
2.9. Mix designs of concrete 
The typical transport mechanism of the ingress of chlorides is through the 
process of diffusion through the concrete matrix. The effectiveness of this 
diffusion is often governed by the contents and proportions of the concrete mix 
which determines its porosity. Since aggregates can represent up to 75% of the 
volume of concrete, aggregate will always play a significant influence on the 
porosity of the concrete. Basheer and Long (2005) examined the influences of 
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these proportions, specifically the size distributions of aggregates and found that 
there was an inverse relationship between the larger aggregates and the increase 
in concrete strength. Within this aggregate variability, (Azari et al., 1995)found 
that the relationship between chloride diffusion in high w/c ratio concrete mixes 
is often more prevalent in low micro silica content aggregates which in turn, will 
significantly affect the diffusion coefficient.    
Xi and Bazant (1995) devised a model which encompassed the type of cement, the 
aggregate content, the curing time, the water/binder ratio, the temperature, and 
the surface ion concentration as variables in the ingress of chlorides. 
2.9.1. The effects of pozzolanic admixtures 
It was shown that the addition of pozzolanic admixtures; namely silica fume, can 
extensively vary the porosity of hardened concrete Smith (2001). Tamimi et al. 
(2008) and Nikam et al. (2003) found that regardless of the form of different 
aggregates, high performance concretes will often show much lower chloride 
concentration due to the binding characteristics and ability to fill smaller voids of 
pozzolanic admixtures. Such admixtures will also improve the interfacial zone 
with a more homogeneous microstructure and stronger bond between the cement 
paste and the aggregate (Nikam et al., 2003).    
2.9.2. Superplasticisers 
Though the presence of fly ash improves the chloride binding capacity of a 
concrete, the presence of Superplasticisers tends to lower it (M.N. Haque and 
Kayyali, 1995). There has been significant research into the development of 
superplasticisers in the past decades, as their benefits of increasing the 
effectiveness of water within the concrete mix have prompted recognition. The 
financial advantages of the use of superplasticisers come from the ability of 
pouring larger areas of concrete with smaller work teams given its workability is 
higher for a lower water content. The remedial cost factors are also reduced, as 
the risk of poor compaction areas within slabs and piles is diminished. This 
increased workability has also introduced greater flexibility in the design of 
concrete structures, allowing them to become more creative and slender in 
design. Further discussion on the impacts of superplasticisers used within this 
experimentation can be found within APPENDIX A: Superplasticisers. 
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2.9.2.1. Impact of Superplasticisers on Water/binder ratio 
Prior to the development of superplasticisers it was typical to increase the water 
content of mix designs when higher workability was required (Andac and Glasser 
1999). In doing so, this lead to a higher capillary absorption rate due to the 
increased number of voids left within the dried concrete. 
It had also been considered normal practice for concrete mixes to balance out any 
increase in water content with a relative increase in cement content. The issue 
with this procedure is that if a cement content; relative to the quantity of other 
ingredients, is increased past acceptable limits, the concrete will undergo 
abnormally significant shrinkage given that it is the cement paste within a mix 
which reduces in size – not the aggregate. Also, given the temperature rise due to 
hydration being directly proportional to the cement content; such a variation in 
thermal and total shrinkage will often cause structural cracking issues during 
the curing process. 
2.9.3. Pore structure 
There is strong agreement within literature that the interconnectivity and 
volume of the pore matrix within a concrete mix is critical to the lifespan of the 
concrete. Either directly or indirectly, the pore structure will play a strong 
influence around the compressive strength, flexural strength, and permeability of 
a concrete sample.  
As such, there have been many methods by which this property can be measured 
independently, however; in order to gain a thorough understanding often several 
techniques must be implemented.  
It is also important to recall that the pore structure of a material is not a static 
state, in that is will often be affected by mechanical or chemical attack from its 
operating environment. In its simplest form, this phenomenon can be seen 
through the physical adhesion and reactions with other elements within the pore 
matrix that will affect this physical structure.  
The make-up of this physical pore structure is determined most heavily by the 
ingredients within the concrete mix design. The performance of the cementitious 
based materials will typically be influenced by the nano-sized solid particles such 
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as the calcium silica hydrates (C-S-H) or the similarly sized porous zones at the 
interfacial transition pathways around the aggregate components of the mix.  
2.9.4. Influences of steel grade 
In earlier literature, it has been thought that the chloride threshold level of a 
sample was exclusively dependent on the grade of steel (Hausmann, Gouda, 
1970) of the reinforcement which would often determine the concentration of 
chloride ions to be present before de-passivation (and thus corrosion) occurred.  
This mode of thought revolved around the theory that steel with higher contents 
of carbon in its composition is more prone to corrosion as is mill-scaled 
reinforcement  (Cascudo and Helene, 2000), (Mohamed and Hamada, 2006). This 
is often due to the damaging effect that the milling machines will have on the 
integrity of the surrounding passive film (Muhallati and Saremi, 2006).  There is 
still varying discussion beyond the scope of this thesis around the impacts of the 
grade of steel and as such has been left as an area for further research secondary 
to this thesis. Typically, though, the resilience of steel and therefore the critical 
chloride level is dependent on the manufacturing methods and quality of 
materials used.  
Non-destructive testing is always the preferable method to be used within the 
detection of corrosion given that its accuracy is comparable, however it’s benefits 
of leaving little access for future chlorides to enter is advantageous. Despite its 
susceptibility to humidity and temperature, the resistivity method is also 
commonly used as it measures the resistivity of concrete (Alonso et al., 1988). 
Infrared thermography is also emerging as a reliable detection method of surface 
condition, and corrosion stages (Scheel and Hillemeier, 2006).   
2.10. Weathering of concrete from external 
environment 
The process of chlorides and sulphates ingress from an external environment 
which impacts the integrity of the concrete occurs most damagingly at the 
evaporative faces of the concrete. The exposure of concrete blocks to this 
continuous wetting and drying cycles ensures that there is constant absorption of 
environmental chlorides.  
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The most damaging chloride attack occurs when the rates of evaporation from 
the surface exceeds the solution uptake within the submerged or spray zone. As 
this occurs, there is a pressure build-up within the pores of the concrete which 
will often go beyond the tensile strength of the concrete void walls. Earlier 
research described how this pressure is often found to be higher in the smaller 
pores through the equation. (Correns, 1949) 
𝑃 = (
𝑅𝑇
𝑉𝑆
) 𝑙𝑛(
𝐶
𝐶𝑆
) 
Where P is the crystallization pressure, R is the gas constant, T is abs 
temperature, Vs is the molar volume of solid salt, Cs is the saturation 
concentration, and C is the solute concentration.  
The distress of this pressure was further described by Haynes (2006) through the 
crystallisation of mirabilite which investigated the long term effects of being 
exposed to a cyclic environment. This began to give some understanding as to the 
mechanical impacts to the pore matrix as a result of the chemical attack.  
Previous research into chloride and sulphate attack often overlooked the 
mechanism of attack by sodium sulphate as the microscopy technology has not 
been used or available (McMillan et al., 1949).  
Extensive research conducted by Nehdi and Hayek (2005) showed these physical 
and chemical attack mechanisms which showed that there was a distinguishable 
difference in the locations of the Na2SO4 forming at the solution surface line 
which was 32%RH as opposed to exposed concrete which varied between 32%RH 
and 95% RH. These results support the movement that a higher cyclic humidity 
will increase the absorption of sodium sulphate.  
Studies suggest that the inclusion of the pozzolanic products will fill many of the 
micro pores and provide a noticeable difference in the pore void distribution and 
connectivity. Folliard and Sandberg (1994) noted a superior performance from 
the inclusion of a 30% cement replacement as temperatures varied between 5 and 
30 °C in a 30% solution of sodium sulphate. 
Continuously within literature, it is evident that the cyclic environment – both 
wetting/drying as well as variance in temperature perpetuates the weathering 
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process. This occurs as a direct result of phase transformation between the 
thenardite and mirabilite which are both crystalline forms of sodium sulphate.  
The ingress of these sulphates have a two-fold effect on the perceived density of 
the surface layer of concrete voids; firstly, as they ingress into the void matrix, 
there is immense pressure build-up which has the perceived effect of a reduced 
void capacity under topographical investigation. Naturally, the integrity of the 
concrete is then compromised as the pressure variance within the void spaces 
becomes too immense and causes cracking, which increases the effective pore 
matrix. This is discussed further in the results section.  
Literature has shown that a higher water to cement content ratio (w/c) will show 
reduced resistivity to chloride resistance (P.K., 1992,). Within the specification of 
concrete type, Monteiro  and Kurtis ((2003) made note that when a concrete is 
exposed to higher level of sulphate, consideration should be given to reduce the 
w/c ratio to improve resilience.   
2.11. A review of proprietary concrete sealant 
products 
There are two principle methods by which surface treatments can protect the 
concrete system. Firstly, there are surface treatments that create a barrier on the 
external face of the concrete that offer a physical boundary to the adhesion of 
contaminants from the external environment. Although these products provide a 
firm physical barrier, they are also more susceptible to damage and fracture due 
to the moisture within the concrete expelling from the concrete and ‘popping’ the 
painted layer of surface treatment. In areas of high loading or impact (seaports, 
infrastructure nodes, etc.) there is increased risk of abrasion or failure of the 
external layer. Surface treatments are just one of the remedial options that are 
available to assist with the dilapidation of concrete assets.  
Although penetrating sealants are less susceptible to external damage, many 
offer the passage of gasses which assist the drying of concrete if the substance is 
applied on a recently poured structure. Conversely, this process also allows the 
penetration of deleterious gasses which can impact the alkalinity of the concrete 
and increase the rate of corrosion. As explored later, the incidence of carbonation 
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as one such process is likely to increase over time, especially in urban 
environments as the rate of carbon dioxide emission into the atmosphere 
increases. Although the vapour transmission may be reduced, there is still 
sufficient oxygen passing through the pores to allow corrosion to occur at the 
reinforcement. 
Previous research by Song and Shayan (1999) indicated that penetrating sealers 
are most effective within the pore structure on pores of diameter up to 0.02mm 
which includes the capillaries within the cementitious mortar substance. The 
effectiveness of the sealant product is dependent upon the comparison between 
the sizes of the sealant molecule with the size of the concrete pores.   
2.11.1. Imaging techniques available for reviewing the 
effectiveness of sealant products 
The SEM procedure is conducted by accelerating a beam of electrons with an 
anode voltage differential towards the sample which is placed on a target area. 
As this process occurs, positive electrons are shot towards the sample target and 
the Wehnelt electrode are floating with a negative potential during which time 
the anode is earthed which accelerates the emitted electrons from the cathode.  
During this process, a continuum of various lenses directs the electrons through 
the column and eventually onto a fine point on the sample which is placed on a 
stage under a vacuum pressure. As the electrons collide with the sample on the 
stage, there is some light produced and some low-energy secondary electrons that 
scatter or random trajectories throughout the vacuum. The higher-energy 
electrons form light that is picked up by the receivers and provides topographical 
information about the sample’s surface.  
Despite the elastic interaction with the sample’s surface, the backscatter 
electrons are sensitive to the element that they collide with on the sample’s 
surface and will often have information on this elements’ atomic number which 
can be fed back into the receiver so that the map contains both topographical and 
compositional data.  
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2.12. Summary 
The comprehensive literature aimed to understand current knowledge on a 
number of important areas relevant to this research. The review of current 
published literature has provided a clear illustration of the current context of 
climate change and the important deleterious impacts that a changing climate 
will have on the long term durability of concrete. The forecast changes in 
temperature, humidity, and sea surface salinity are expected to have the greatest 
impact on chloride ingress and consequently demand more in-depth analysis and 
experimentation.  
The inclusion of these changes into mathematical modelling must then be 
realised which has been demonstrated through the review of current models and 
ion migration equations. The literature review clearly identified that existing 
methods of measuring chloride ingress do not allow for this variance in 
environment. Fick’s 2nd Law, the FIB Model Code 2010, Life 365, and to a lesser 
extent; The Nernst-Planck Approach have shown an assessment using a static 
environment and not model that is relevant in the context of climate change. The 
review provided a broad discussion on the importance of the critical chloride 
concentrations within the concrete at the cover depth and how this can be 
influenced by the chemical makeup of the concrete.  
This chapter has also summarised the physical characteristics of concrete and 
how these are significantly changed through variations in mix design and curing 
environments. The literature review has made recommendation from previous 
literature on how the performance of concrete can be improved to withstand the 
impending forces of climate change and this will be validated through the 
following experimentation chapters. 
In addition to the physical characteristics and chemical makeup of the concrete, 
the literature review has also provided introduction into the application of 
surface treatments to concrete structures. The incidence of the use of surface 
treatments is growing and as such, is further discussed later in this research.  
The review has also provided a concise review of the recent developments within 
X-ray Tomography. This method of analysing the pore matrix at a nanoscale level 
is growing momentum within academic research of concrete. Most importantly, it 
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provides an important opportunity for the research to understand the 
implications of mechanical weathering over time and a volumetric analysis the 
pore matrix to quantifiable accuracy that is only beginning to emerge within 
literature. This area of analysis is further investigated and discussed in later 
sections of this research.  
The following chapters provide experimental techniques around the resolve of 
these gaps in knowledge and how through simulated environmental procedures, 
the research questions may be answered.  
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3 
CHAPTER THREE: RESEARCH 
METHODOLOGY 
3.1. Introduction  
The concise literature review clearly identified the major gaps in knowledge as 
the need for understanding climate induced changes to input parameters 
contributing to deterioration modelling and the effects of these changes on 
chloride ingress in concrete.  
In this chapter, the gap is further developed around the research questions, 
followed by a description of the research methodology to address each of the 
research questions.  
Concrete deterioration modelling is an area of literature that has been 
extensively researched and documented. The commercial modelling platforms are 
based around commonly accepted equations, most notably those surrounding 
Fick’s 2nd law of diffusion.  The results from studies such as Duracrete, and 
modelling from LIFE365 will typically use this law in its calculations. As with 
LIFE365 and many other modelling programs, there is a static environment 
assumed by the program.  
It is acknowledged in literature that any environmental extremity surrounding 
the concrete will be likely to vary the rates of chloride ingress. As such, there is 
an invariable link between the surrounding environment and the rates of 
chloride ingress. More importantly, an accurate model that considers the 
imminent variability in climate because of human actions has not yet been well 
established.  
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3.2. Research questions 
To address the gaps identified through the comprehensive review of previous 
work, the following research questions were presented and will be answered 
through the completion of this research: 
1) How can sea salinity variance be incorporated into chloride ingress modelling? 
2) Why is a change in the surrounding environment of a concrete asset 
influencing rates of chloride ingress and how can this be measured in a 
controlled environment? 
3) How can concrete deterioration modelling be improved to capture the changing 
environment and its effect on chloride ingress? 
3.3. Responses to Literature Review 
The work completed within the Literature Review clearly illustrates the current 
gaps in knowledge and areas that require further investigation.  To answer the 
research questions and respond to the gaps in knowledge; a combination of 
experimental testing and model development and validation will be undertaken. 
The process illustrated in Figure 3-1 sets out the progression of the experimental 
methodology from the inception of the research questions through to the five 
principle deliverables of the research. The flowchart demonstrates the feed of 
numerical results into the numerical modelling software and then how these 
results are validated against the test cases.  
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Figure 3-1  Flowchart of Experimental Methodology 
3.4. Case study and industry engagement 
Extensive effort has been made throughout this research to maintain relevance 
with industry such that the results and modelling software can simplistically be 
used by asset infrastructure owners.  
Consultation with the Port of Melbourne (PoMC) to understand the realities and 
perceived threats to the Port of Melbourne assisted in understanding current 
industry practice. This industry consultation was a continuation of previous work 
completed with the Port of Gladstone and Port Kembla in Northern Australia.  
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This consultation stage entailed working from the offices of PoMC researching 
through previous data and condition reports of the Port. Further details of this 
phase are outlined within the industry opinion section of this thesis. 
 
Figure 3-2 Condition Assessment reports from PoMC 
Once there was clear consensus on the position of the industry, additional time 
was invested into the modelling platform to include consideration of salinity and 
the climate data released in the IPCC 5th Assessment Report. The re-calibration 
of the modelling software was required to incorporate the guidelines of the IPCC 
5th assessment report. 
Upon completion, the tool was introduced to several Pacific Seaports, including 
Port of Suva, in Vanuatu, Fiji Port, and Port Moresby in Papua New Guinea.  
As the in-field work with the industry was being carried out, the investigation on 
the implications of heightened salinity on chloride ingress was undertaken. This 
commenced with research into the pore matrix of concrete and how variances of 
mix design would assist in improving the resilience to chloride ingress. An 
THE EFFECTS OF CLIMATE CHANGE ON THE RATES OF CHLORIDE INGRESS INTO REINFORCED CONCRETE IN SEAPORT INFRASTRUCTURE. 
 
94 | DOCTOR OF PHILOSOPHY (ENGINEERING) | ANDREW COLIN HUNTING 
extensive literature review led to the understanding that there was limited 
research of pore structure and volume through accurate and quantifiable means.  
3.5. Brief study of remedial solutions: Proprietary 
penetrating sealant  
To investigate the effect of proprietary surface treatments on the durability of 
concrete, this research has conducted an extensive experimental program 
exploring many methods of durability testing of control samples with no 
treatment and samples that had been coated with a surface treatment. The 
sealant that was used was a water-borne product and was claimed to crystallise 
within the pore matrix at depths exceeding 100mm.  
There is claim that the Proprietary Surface Treatment Product has the ability, 
after penetrating; to expel chlorides from the concrete structure to the external 
environment, effectively reducing the risk that the internal chloride 
concentration reaches the critical chloride level to induce corrosion at the 
reinforcement bar. This process was confirmed by (Peek and Ali, 2001) and was 
found to occur with chlorides that were present within the pore matrix to a depth 
of 25mm.  
Properties of the Proprietary Surface Treatment Product – From technical data 
retrieved from (Product.) 
Product  Proprietary Surface Treatment Product  
Colour clear/green 
Odour slight 
Specific Gravity 1.09-1.10 
Composition Proprietary, water-borne, no sodium 
pH 12+ 
Boiling Point 110°C 
Shelf life Indefinite 
Freeze harm 
Surface bond type Coated and then absorbed 
VOC content Nil 
Application method 
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Number of application 
coats recommended 
2 
Application rate 2.5m2/L/coat 
 
Another potential benefit made within the technical data of the concrete sealant, 
is its ability to draw soluble chlorides towards the solution and render the 
chlorides ‘chemically neutral’ (Product.).  
Evidence of the chloride depleting capabilities of the product are tested through a 
vast range of methods. These tests prove the impact that the product can have on 
chloride ion concentrations within the concrete, while also exploring any 
detrimental impacts that the product may have on the flexural performance of 
the concrete.  
Table 3-1 defines the experimental procedure that was undertaken: 
Table 3-1 Testing undertaken on Proprietary Sealant Product 
Test Method Sample Dimension 
    (mm) 
Compressive test Cylinder 100 x 200 
Modulus of elasticity Cylinder 100 x 200 
Poisson ratio Cylinder 100 x 200 
Water permeability Slab 300 x 300 x 100 
Air permeability Slab 300 x 300 x 100 
UPV Slab 300 x 300 x 100 
Resistivity Slab 300 x 300 x 100 
Schmidt Hammer Slab 300 x 300 x 100 
Salt ponding test Cube 100 x 100 x 100 
Carbonation Cube 100 x 100 x 100 
Tomography Cube 100 x 100 x 100 
Microscopy 
  
SEM/EDX Cube 100 x 100 x 100 
XRF Cube 100 x 100 x 100 
FTIR Cube 100 x 100 x 100 
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Test Method Sample Dimension 
Corrosion 
  
Low Salinity Cubes 150 X 150 X 150 
High Salinity Cubes 150 X 150 X 150 
Control Cubes 150 X 150 X 150 
 
3.5.1. Previous treatments and evidence of Proprietary 
Surface Treatment Product use 
Literature has shown that there has been evidence of The Proprietary Surface 
Treatment Product being used in various applications around the world.  
The most comprehensive testing conducted in Vancouver, Canada by (Ltd, 1997) 
of a multi-level carpark structure showed significant reduction (95% probability) 
of reduction in corrosion. The summary document was issued after 9 years of 
testing in accordance with ASTM C876-80 ‘Standard Test Method for Half Cell 
Potential on Reinforcing Steel in Concrete.’ In addition to the barrier protection 
of the concrete, the testing also reviewed the abrasion resistance and the use of 
The Proprietary Surface Treatment Product as a curing agent. This testing 
regime was again reviewed 18 years later to understand the long-term effects 
that The Proprietary Surface Treatment Product had on the structures. The 
finding were consistent with those 9 years earlier in that there areas that 
received high levels of de-icing salts still examined structural rigidity and 
noticeably less incidence of corrosion when compared to neighbouring structures 
that did not receive the Proprietary Surface Treatment Product  treatment 
(Engineering, 2009). 
The use of the product is also noted within wider infrastructure as was evident in 
the case study for BC Hydro which indicated that there was a strong evidence of 
the sealant blocking water permeability within ordinary Portland Cement and 
GGBS concrete  (Inc, 1987). 
Testing was also carried out in a residential application where there was a 37-
72% reduction noted in the water-soluble chloride content to a penetrating depth 
of 75mm. Additional testing was conducted at the cover depth and was found to 
reduce from 0.05% to 0.02%. This change is significant given it has shifted the 
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chloride content out of the ‘critical’ zone which significantly reduces the risk of 
corrosion initiation. (ATEC Associates, 1994)  
Another comprehensive study was published by (Peek and Ali, 2001) on the West 
Basin Wharf 4 at the Port of Newcastle, Australia. The application was applied to 
the soffits of the loading decks, several beams back from the front of the wharf. 
At the time of application, the structure was around 25 years old and there was 
already clear evidence of chloride induced corrosion damage. The principle 
method of testing was the half-cell potential to measure the resistivity which was 
carried out over a period of 13 months, a sounding survey was also implemented 
to understand any delamination. After a period of 6 weeks of application, BS 
1881: Part 124:1988 was used to calculate the acid soluble and ASTM 
C1218/C1218M-99 was followed to calculate the water-soluble chloride 
concentrations.  
Results from this test site show resistivity peaking after a period of 
approximately 6 weeks (around the time of application) at 500 kΩ.cm through the 
Wenner 4-Probe method which later shows the resistivity stabilising to 150 
kΩ.cm after around 6 months. The report concludes that the initial changes in 
resistivity are connected to the application of the Proprietary Surface Treatment 
product however the favourable change is only temporary.  
Further such testing was completed on the proportion of bound and soluble 
chlorides within the concrete mix both before and after treatment of The 
Proprietary Surface Treatment Product. The results of the chloride testing 
showed little noticeable difference in the quantity of bound and soluble chlorides 
as a result of application. 
The testing carried out at the Port of Napier illustrated that there may be some 
short-term (i.e. 12 month) benefit to the ‘neutralisation’ claim mentioned earlier. 
However, the product’s claims of ‘purging’ chlorides from the concrete matrix 
were not supported in short testing duration.  
A larger test regime involving 348 concrete samples were exposed to various 
NaCl solutions (0, 0.5, 1, 1.5, 2, and 3% by weight of cement in the mix) within 
three controlled environments. After 12 months of testing, there was consistency 
in the chloride profiles that showed the chloride levels increasing until 1 month, 
and then abating or decreasing. This is consistent with the results from the Port 
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of Napier testing and was supported by Brown (1999) who noted that this was 
the period showed the time taken for chlorides to penetrate through the concrete 
to the reinforcement bar which continued to occur until such time that the 
chloride level at the steel reached the critical chloride content. Once this occurs, 
and the corrosion is initiated, the diffusion phase is considered to end and as 
such, these values reduce.   
The research (El-Hacha et al., 2011) went on to note that the products tested 
(including The Proprietary Surface Treatment Product ) appeared to have an 
increased effect a when the initial chloride concentration levels are low (generally 
0.5%) at time of application. Evidently, this is because it is easier for the sealant 
products to restrict the rate of diffusion of chlorides prior to the chloride 
concentration reaching critical level at the cover distance. This supports the 
notion for early intervention of application prior to chloride levels reaching levels 
that cannot be reversed. This is consistent with the outcome that long-term 
exposure to the accelerated chloride environments resulted in more severe 
corrosion which was noted in the work by (Peek and Ali, 2001).  
Evidence that the sealant products had little effect on the samples that showed 
hairline cracks suggests that there is a maximum void size that the products 
remain effective for which includes capillaries and voids however not the 
diameter of hairline cracks. Finally, the study illustrated that the products 
assisted in the delay and slowing of corrosion however not The Proprietary 
Surface Treatment Product, nor any of its competitors managed to completely 
stop corrosion. In addition, there was not one product that showed a consistent 
purging of the internal chlorides. This re-affirms the need for further research to 
be conducted on The Proprietary Surface Treatment Product to provide surety 
around the accuracy of the claimed benefits of using proprietary surface 
treatments.  
3.6. Experimental program and methods 
One of the major research methods adopted is the laboratory experiments on 
chloride ingress of concrete and how it is affected by climate change.  This section 
of the research provides details of the methods employed in the experimental 
program. Experimental results will contribute to development of a chloride 
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ingress model sensitive to sea salinity changes which are further validated 
through results from field samples.  
The methodology presented here covers the overall experimental plan including 
design of long term experiments, rationale for selection of the major variables, 
testing program, selection of concrete mix design, simulated environments, 
exposure conditions, materials and methods.  
3.7. Planning of the experimental program 
Based on the outcome of the comprehensive literature review, variables identified 
to influence the impact of climate change on chloride ingress of concrete included: 
1) Concrete mix design 
2) Exposure conditions covering temperature, salinity, wetting and drying cycles 
and humidity  
3) Method of measurement 
3.7.1. Concrete mix design 
Selection of the concrete mix design was based on typical mixes used in aging 
concrete structures exposed to marine environments. Within this area, two 
particular concrete mix designs were taken from the specification of a recent 
Seaport development to ensure applicability to industry practice as well as a 
lower-strength control mix design. Two typical mixes were chosen to ensure that 
outcomes were directly applicable to concrete used within seaports today, which 
will ensure that the research is relevant to the issues that face seaport 
infrastructure stakeholders.  
The control mix design was included in this experimental program for two 
distinct reasons; firstly, it provided some surety, especially in the earlier years of 
exposure and testing that there would be some evidence of chloride ingress in the 
case that the high strength low permeability mix did not show any chloride 
ingress. Further, the mix design of the second mix did not include any of the 
high-strength admixtures or pozzolanic additives which made it more applicable 
to some concrete mix design of more developing countries where high strength 
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concrete is not as prevalent; such as the case study port of Fiji.  It is important to 
recognise that all the testing within this research is taken from the same mix 
and same cured concrete. To complicate matters, the literature review mentions 
the ability for an environment and respective chemicals to change the physical 
and mechanical properties of a section of concrete. This concept is explored 
further in the micro imaging section of this research. 
The difficulty with this notion lies around the fact that at any given point in time 
that a segment of the concrete is taken for sample an analysis; its host sample 
would be likely to have further developed from when the previous segment was 
taken for analysis; which is especially noticeable within the earlier testing 
procedures – i.e. 28 days, 90 days, etc. This introduced some concern within the 
testing regime as comparison between chloride ingress over time showed 
inconsistency in the permeability of the base materials for the ingress of 
chlorides, such that the testing for ingress depths should be regarded as a 
function of time only, however this additional parameter requires consideration 
and is also explained later in the micro imaging chapter. 
To mitigate the risk of a variable substrate, additional control samples were 
poured from the same mix designs and have been maintained within the same 
temperate and humidity levels as the other samples. This has been undertaken 
to avoid the potential of chemical degradation from the frequent chloride 
spraying of the simulated environments.  
The control blocks undertook the identical testing procedure (through x-ray 
tomography, SEM, and chloride content testing) to understand to what degree 
the chloride environment affected the concrete’s physical properties themselves.  
The true nature of a concrete mix design and its many respective variable 
ingredients holds testament to the unrepeatable nature of the same mix of 
concrete. Consequently, all steps were taken to register and record the properties 
of all ingredients that were used within the concrete mix and the conditions at 
the time of pour.  
The irreplaceability of these mix design is such that several additional blocks 
were made and stored in the respective environments, to be used not as controls, 
but to have on hand should additional experiments be required. Given the 
exposure’s effect to alter some of the physical and mechanical characteristics of 
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the concrete, there is lesser chance that a similar mix and sample can be 
constructed and perform in the same manner as those previously casted.  
3.7.2. Selection of exposure conditions 
The range of exposure conditions were developed following the comprehensive 
literature review which defined the requirements for each of the parameters. 
These were based on two distinct parameters. 
1) The selected conditions represent an acceptable breadth of the conditions that 
seaports are exposed to around the world. This is to include the harsher 
chloride environments of the Middle East (40ppt) and areas of high chloride 
concentration, as well as estuary regions or areas of high freshwater runoff 
such as the Baltic Sea with lower chloride concentrations (5ppt) (Alexander, 
2016) .  
2) The incremental difference between exposure levels is made up of consecutive 
increments which assist greatly with the modelling stages. I.e. the chloride 
concentrations increase at a consistent rate of 10ppt, 20ppt, 30ppt, 40ppt. 
Interpolation of these values allowed for the reporting of the impact of 
incremental changes in conditions to be reconciled with the results 
experienced within the laboratory.  
A summary of the exposure conditions is provided in Table 3-2: 
Table 3-2 Selection of Exposure Criteria 
Temperature Relative Humidity Salinity Concrete Type Sample Name 
15 ° C 50% 0ppt Low Strength HPLS1 
50% High Strength LPHS1 
50% 10ppt Low Strength HPLS2 
50% High Strength LPHS2 
50% 30ppt Low Strength HPLS3 
50% High Strength LPHS3 
50% 40ppt Low Strength HPLS4 
50% High Strength LPHS4 
50% No Solution Low Strength Control 1 
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Temperature Relative Humidity Salinity Concrete Type Sample Name 
  
    
25° C 50% 0ppt Low Strength HPLS5 
50% High Strength LPHS5 
50% 10ppt Low Strength HPLS6 
50% High Strength LPHS6 
50% 30ppt Low Strength HPLS7 
50% High Strength LPHS7 
50% 40ppt Low Strength HPLS8 
50% High Strength LPHS8 
50% No Solution Low Strength Control 2 
 
3.7.2.1. Sea Salinity 
The above listed chloride concentrations were based on the outcomes of the 
comprehensive literature review and range from the typical saline concentrations 
found in near freshwater environments (10ppt) such as high glacial runoff areas 
of the Baltic Sea to areas such as the Mediterranean Sea which is almost isolated 
from the broader oceans however undergoes high levels of evaporation, with 
warm strong winds and less precipitation which is more likely to show salinity 
levels of 36-38ppt. These ranges demonstrate the broad applicability of the 
research to all environmental contexts that most major seaports will endure 
throughout a serviceable lifetime.  
The Chloride solution which was selected to be compliant with ASTM D1141 -98 
(2008)  (Materials, 2013) is a granulated product used to simulate the chemical 
make-up in sea water. The environment with 10ppt chloride concentrations is 
also in accordance with requirements set out in the ACI Committee 201 
(Institute, 1992.) While the 40ppt concentrations sits at the upper end of the 
Class 3 exposure in the committee’s latest as defined within these conditions.  
De-ionised water was used to ensure no further impurities were allowed into the 
simulated environments.  
The product purchased delivers the most commonly utilised control of a 
substitute for sea salinity and is made up of the elements provided in Table 3-3: 
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Table 3-3 Element Proportions within Salinity Mix 
Element Makeup Proportion 
 NaCl  58.490% 
 MgCL2 - 6H2O      26.460% 
 Na2S04  9.750% 
 CaCl2              2.765%  
 KCL  1.645%  
 NaHCO3  0.477% 
 KBr  0.238% 
 H3BO3  0.071% 
 SrCL2 - 6H2O  0.095% 
 NaF  0.007% 
The above proportions assume a density of sea water of 1.025 at 15 ° C and, to 
produce a concentration of 36.032g/l, requires 41.953 grams of the product into 
one litre of distilled water. Following this procedure, the pH is adjusted to 8.2 
using 0.1N solution of sodium hydroxide.  
Each of the simulated environmental salinity tanks were closely monitored for 
fluctuation which is discussed later in the results chapters. 
3.7.2.2. Temperature 
The literature review highlighted the incremental increase in global temperature 
that is occurring because of climate change. As noted, the average world 
temperature between 1951 and 1980 was approximately 14° C. Since 1980, this 
has increased to above 15° C which provided a good baseline point for one of the 
temperature variables. This then became the minimum temperature for testing 
the simulated environments. 
Secondary to this is the reference to AS1012.13-1993 – Methods of testing 
concrete which demands a 23°C environment for the testing of concrete.  In the 
interest of interpolation of results from the pre-determined 15 degrees, a 
consistent 10 degrees increase to 25 degrees was deemed acceptable. This 
temperature maintains within the ± 2° C variability permitted by the standard.  
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The other driver for maintaining a temperature of this higher value is to 
represent an environment that has been subjected to climate change. As noted in 
the literature review, the simulated condition will more closely represent a 
century of continued carbon dioxide emissions, and as such exhibits the higher 
temperature and controlled humidity that has been modelled by the IPCC’s 4th 
assessment report.  
The tolerances within the environmental chamber maintained a variance of ± 
0.5° C with readings being taken every 60 seconds and the climate control 
systems re-adjusting the temperature to suit any such changes almost 
immediately. Care was taken throughout the experimental procedure to 
minimise the time that the conditioned chambers were exposed to external 
conditions.  
3.7.2.3. Humidity 
The literature review detailed the variances expected in environmental humidity 
changes due to climate change. The results, which were representative of the 
IPCC 5th assessment report showed widespread humidity variance across 
multiple geographical regions.  
The IPCC report also detailed that humidity variance is strongly variable and 
dependent on the microclimate of the specific region. Although there is evidence 
to suggest that the humidity is likely to see higher variability, the linear trends 
reported are of medium confidence as opposed to temperature increases which 
have a high confidence. It is for this reason that the representation of 
temperature variability as a result of climate change was the focal variable and 
humidity was controlled at a constant.  
Maintaining the humidity values at 50% RH between the two environments 
allowed for direct interpolation of any environmental variable to be correlated 
with the temperature.  This value of 50% RH was selected to meet the 
requirements of to AS1012.13-1993 – Methods of testing concrete. This was also 
due to a limitation on the number of simulated environmental chambers that 
were available at the time of the experimental process occurring.  
There is opportunity for further research in this area to occur given that RH is a 
proven factor of influence on the rate of chloride ingress.  
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3.7.3. Method of measurement 
The measurement of chloride content levels within the concrete samples was 
noted within the literature review exhibit an average diffusion coefficient of 5 x 
10-12 m2/s. As this is interpolated out over an entire year, there is likely to be very 
little evidence of ingress after just 12 months. These anticipated results drove the 
testing to be carried out at 12 month intervals over the test period. The 
equalising of the testing periods also assisted in the interpolation of results when 
more detailed time studies were required – i.e. reporting on days, weeks, decades, 
etc.  
This consideration aligned the boundaries of the testing program which was set 
out as shown in Table 3-4 below. 
Table 3-4 Measurement and Testing Procedure 
Concrete Casting 
Flexural and 
Compressive 
strength 
testing - 7 
day 
Flexural and 
Compressive 
strength 
testing - 14 
day 
Flexural and 
Compressive 
strength 
testing - 
28day 
Exposure to 
Simulated 
Environments 
Flexural and 
Compressive 
strength 
testing - 
90day 
52-week 
coring and 
filling of 
core holes 
Curing of 
Rendered 
complete 
and return 
to 
environment 
104-week 
coring and 
filling of 
core holes 
Curing of 
Renderoc 
complete 
and return 
to 
environment 
156-week 
coring 
  1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
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Concrete Casting 
Flexural and 
Compressive 
strength 
testing - 7 
day 
Flexural and 
Compressive 
strength 
testing - 14 
day 
Flexural and 
Compressive 
strength 
testing - 
28day 
Exposure to 
Simulated 
Environments 
Flexural and 
Compressive 
strength 
testing - 
90day 
52-week 
coring and 
filling of 
core holes 
Curing of 
Rendered 
complete 
and return 
to 
environment 
104-week 
coring and 
filling of 
core holes 
Curing of 
Renderoc 
complete 
and return 
to 
environment 
156-week 
coring 
LPHS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS3a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS4a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
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Concrete Casting 
Flexural and 
Compressive 
strength 
testing - 7 
day 
Flexural and 
Compressive 
strength 
testing - 14 
day 
Flexural and 
Compressive 
strength 
testing - 
28day 
Exposure to 
Simulated 
Environments 
Flexural and 
Compressive 
strength 
testing - 
90day 
52-week 
coring and 
filling of 
core holes 
Curing of 
Rendered 
complete 
and return 
to 
environment 
104-week 
coring and 
filling of 
core holes 
Curing of 
Renderoc 
complete 
and return 
to 
environment 
156-week 
coring 
LPHS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS5a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS6a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
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Concrete Casting 
Flexural and 
Compressive 
strength 
testing - 7 
day 
Flexural and 
Compressive 
strength 
testing - 14 
day 
Flexural and 
Compressive 
strength 
testing - 
28day 
Exposure to 
Simulated 
Environments 
Flexural and 
Compressive 
strength 
testing - 
90day 
52-week 
coring and 
filling of 
core holes 
Curing of 
Rendered 
complete 
and return 
to 
environment 
104-week 
coring and 
filling of 
core holes 
Curing of 
Renderoc 
complete 
and return 
to 
environment 
156-week 
coring 
LPHS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS7a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
LPHS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
HPLS8a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
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Concrete Casting 
Flexural and 
Compressive 
strength 
testing - 7 
day 
Flexural and 
Compressive 
strength 
testing - 14 
day 
Flexural and 
Compressive 
strength 
testing - 
28day 
Exposure to 
Simulated 
Environments 
Flexural and 
Compressive 
strength 
testing - 
90day 
52-week 
coring and 
filling of 
core holes 
Curing of 
Rendered 
complete 
and return 
to 
environment 
104-week 
coring and 
filling of 
core holes 
Curing of 
Renderoc 
complete 
and return 
to 
environment 
156-week 
coring 
Control 1a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
Control 2a 1/06/2013 8/06/2013 15/06/2013 28/06/2013 28/06/2013 N/A 28/06/2014 26/07/2014 28/06/2015 26/07/2015 28/06/2016 
SEALANT 1 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 2 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 3 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 3 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 3 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 3 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
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Concrete Casting 
Flexural and 
Compressive 
strength 
testing - 7 
day 
Flexural and 
Compressive 
strength 
testing - 14 
day 
Flexural and 
Compressive 
strength 
testing - 
28day 
Exposure to 
Simulated 
Environments 
Flexural and 
Compressive 
strength 
testing - 
90day 
52-week 
coring and 
filling of 
core holes 
Curing of 
Rendered 
complete 
and return 
to 
environment 
104-week 
coring and 
filling of 
core holes 
Curing of 
Renderoc 
complete 
and return 
to 
environment 
156-week 
coring 
SEALANT 3 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 1T 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1T 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1T 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1T 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 1T 4/11/2015 N/A N/A 2/12/2015 2/12/2015 2/02/2016           
SEALANT 2T 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2T 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2T 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2T 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 2T 10/11/2015 N/A N/A 8/12/2015 8/12/2015 8/02/2016           
SEALANT 3T 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 3T 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 3T 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 3T 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
SEALANT 3T 17/11/2015 N/A N/A 15/12/2015 15/12/2015 15/02/2016           
3.7.3.1. Coring procedure  
The lower expected chloride concentrations at early stages of the testing gave 
reason for concrete chloride testing to be carried out on larger segments of the 
core samples. There was also very small likelihood for the concrete at greater 
depths to exhibit any traceable content of chlorides. This was based on the 
expected chloride movements through concrete as described in the literature 
review and was supported by the testing results below which show an almost 
unattainable chloride concentration at 52 weeks at 28mm from the surface.  
Table 3-5 Increments for testing at 52 weeks 
Depth Start 
(mm) 
Depth End  
(mm) 
Av (eff) Depth  
(mm) 
Chloride Concentration at 
52 weeks (kg/m3) 
1 5 3 0.0031 
6 10 8 0.0021 
11 15 13 0.0019 
16 20 18 0.0012 
21 25 23 0.0003 
26 30 28 0.0001 
 
To attain a higher accuracy within the final testing procedure, these increments 
were decreased to allow for a 2mm cutting blade between segments of core and 
followed a segmentation breakup for the testing at 156 weeks to that of the 
below: 
3.7.4. Surface chloride concentrations 
In order to limit the inaccuracies that are found in measuring the extremities of 
the concrete surface which are prone to surface chloride build-up, a thin sanding 
was applied to the external 0.5mm of concrete to assist in attaining more 
accurate ingress results. The procedure was consistent across all testing and 
should be considered when observing the effective chloride depths as noted in 
Figure 3-3. 
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Figure 3-3 Segmentation procedure of testing at 156 weeks 
 
Samples were dry-cored with a 67mm internal diameter coring device to prevent 
any chlorides from within the concrete being washed away. Cores were then 
immediately removed and a wet mix of Parchem Renderoc HB70 was used to fill 
core holes.   The properties of the HB70 far exceed those of the concrete and as 
such, did not pose any threat to compromising the permeability of the concrete. 
Table 3-6 Parchem Renderoc HB70 Properties 
Test Method Standard 
EN 1504 R4 
Requirement Test Result 
Compressive Strength EN 2190: 1990 
AS 1478.2 - 2005 
≥ 45 MPa 
- 
68.2 MPa @ 28 days 
 
20 MPa @ 1 day 
55 MPa @ 1  day 
70 MPa @ 28 days 
Bond strength by pull off EN 1542: 1999 ≥ 2.0 MPa Without 
primer 
2.4 MPa 
   Nitobond 
HAR primer 
2.7 MPa 
Chloride ion content EN 2015-17:2000 ≤ 0.05% 0.002% 
Capillary absorption EN 1307:2002 ≤ 0.5 Kg/(m2 x 
h0.5) 
0.1 Kg/(m2 x h0.5) 
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Test Method Standard 
EN 1504 R4 
Requirement Test Result 
Carbonation resistance EN 13295:2005 d ≤ ref concrete Conform 
Coefficient of thermal 
expansion 
EN 1770:1990 Declared Value 11.2 x 10-6/˚C 
Shrinkage and expansion EN 12617-4:2002 ≥ 2.0 MPa Shrinkage: 2.5 MPa 
Expansion: 2.5 MPa 
Elastic Modulus EN 13412:2008 >29 GPa 33.8 GPa 
Modulus of Elasticity in 
Compression 
AS1012.17:1997 - 3.65 x 104 MPa 
Chloride Diffusion Nordtest NT Build 
443 
- 1.26 x 10-12 m2/sec 
Flexural Strength AS 1012.11-2000 - 6.4 MPa @ 28 days 
Tensile Strength AS 1012.10-2000 - 4.7 MPa @ 28 days 
Setting time AS 1012.18-1996 - Initial set: 3 hours, 15 
mins 
Final set: 4 hours, 30 mins 
Fresh Wet Density  - 2200 Kg/m3 
Drying Shrinkage (25 x 25 
x 285) prisms @ 27 oC, 55% 
RH) 
AS 1478.2-2005 - < 400 microstrains @ 7 
days 
< 600 microstrains @ 28 
days 
Alkali reactive particles RTA Rapid Mortar 
Bar Test RTA 
T363 
- <0.1% (Non-Reactive) 
Chemical Resistance   The low permeability of 
Rederoc HB70 severely 
retards chemical attack in 
aggressive environments. 
The cured mortar is 
impermeable to acid gases, 
waterborne chloride ions 
and oxygen 
Build Characteristics 
achievable in a single layer 
 
vertical 
- - Hand/Trowel 
 
up to 40mm 
Wet Spray 
 
70-110mm 
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3.8. Experimental design 
3.8.1. Simulating exposure conditions 
There are several critical considerations that must be considered before finalising 
the experimental design. The understanding that there was no coherent model of 
the effects of the changing environment on the propagation of chloride 
demonstrated that the localised and ever-changing nature of weather patterns 
was as heterogeneous as the concrete properties themselves.  
As such, there was firm evidence to support the construction of simulated 
environments to ensure that all elements of the experimentation procedure could 
be controlled. This is especially important when deriving direct results from 
performance data whereby the only variable is the surrounding environment.  
As discussed earlier in this research, there is consistent evidence to support that 
the most critical area of any seaport structure; ignoring dead and live loads; from 
an environmental perspective is the splash area just above the tidal zone of the 
piles. To summarise the reasoning behind this, the capillary movement of 
chloride ions is supported by the wet/dry cycles that occur in this area. Further, 
the continuous physical force of the water in this zone also assists with the 
degradation of the area, and will typically assist with the repetitive impact that 
results in the spalling of the concrete cover. 
The frequency by which this zone is affected by the chloride spray was an 
important consideration given that a zone too high would not receive sufficient 
spray and too low would not have the opportunity undergo wetting and drying 
cycles to expedite the movement of chlorides.  
 To understand this frequency and the soaking time during a typical high and 
low tide cycle, research into some of the target areas and their tidal cycles was 
undertaken. With much of this research being conducted on equatorial regions, 
there was considerable support for a larger tidal cycle, replicating a semidiurnal 
tidal sequence, or two high tides and two low tides (or wetting/drying cycles) in 
any given day as shown in Figure 3-4. 
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Figure 3-4 Semidiurnal  Tidal Cycles ((Administration, 2016) ) 
 
3.8.2. Wetting and drying cycles 
Within the calculation of wetting/drying cycles there is also close consideration 
given around the increase in the number of storm surges that are likely to come 
about as a result of climate change. This creates an additional ‘cycle’ to be 
considered, however given that it’s evidence is not daily, further mathematical 
support is required to model this frequency. Also, in order to provide a concise 
direction on the impacts of the environmental temperature, humidity, and 
chloride concentrations, an intermittent period to represent a ‘storm surge’ would 
distort the linear deterioration path of these elements.  
To understand this, a review of literature was undertaken for a finite-element 
hydrodynamic model which was structured off a wave continuity equation. The 
dynamics of these cyclic events were presented through an element-based 
approach of static land boundaries through ADCIRC. (ADCIRC, 2016) 
For other wave continuity models, the ADCIRC model treated the shoreline as a 
fixed vertical element which would see the tides simply rise and fall vertically 
rather than encroach and retreat up a gradient which is what realistically 
happens with the gravitational pull of the moon on the oceans. However; the 
nature of this research looks at the concrete structures that occupy this coastline 
which are typically perpendicular to the water’s surface (i.e. concrete wharf piles) 
and as such are well suited to the vertical nature of the ADCIRC model.  
The one-dimensional wetting and drying algorithm is based on several set 
boundaries and empirical rules. There is a point which is positioned in the centre 
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of a time loop before the solution of the momentum equation however after the 
location of the continuity equation.  
To begin, the depth at each and every node is checked against a minimum 
wetness height Hmin. Then, the status of the node will remain ‘active and remains 
as part of the algorithm. Contrastingly, the note is removed from calculations 
when the total water depth drops below the minimum Hmin value. To standardise 
the oscillations, a ‘wet’ node can be switched off at a given number of ‘wet’ signals 
returned. 
The algorithm that produces these cycles demands firm detail of the surface by 
which the wetting and drying cycle is applied. As previously discussed, the 
gradient shall be set to 1 which insinuates a vertical surface (not a horizontal as 
discussed by (JSCE-G571, 2003)) .  
As a gradient of 1 is inserted into the algorithm, there is an acceptable result of 
2.0025 derived for the number of cycles at a height xt above the AHT where x is 
the distance between the AHT and AMT.  
When this is translated into a time perspective of the ‘spray’ scenario within the 
simulated environment; the coating of the saline solution occurs every 11.35 
hours. It is important that the relative tide level (or level of solution within the 
tanks) remains constant throughout the testing regime as the level at which the 
core is taken must be within the spray zone of the sample. 
In the early stages of testing, maintaining this level required significant work 
and observation. Due to factors such as seepage and leaching; as well as 
evaporation and leaks out of the system the level within the tanks was variable 
until such time (around 100 days) that the environment was stable.  
3.9. Materials and Methods 
The materials and methods used within this experimentation are based 
primarily from the findings obtained from the literature review and the broader 
concrete studies on seaport infrastructure (Kong et al., 2012).  
The concrete specification was part of a broader study on Australian Seaport 
vulnerability, and as such, the high-strength mix was taken from the 
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performance specification of a regional bulk port.  Concrete mixes were cast 
simultaneously and cured in accordance with AS1012.  Ordinary Portland 
cement was used in accordance with AS3972 with the chemical composition listed 
in Table 3-7. Aggregate of both 10mm and 20mm sizes were used in accordance 
with the seaport structure specifications and corresponded to a standard 
distribution curve of aggregate sizing.  Notable differences in water cement ratio 
are evident to create a less permeable – due to both w/c content and addition of 
pozzolanic admixtures (Kurtis et al., 2000, Skalny et al., 2002). 
Table 3-7 Chemical Composition Makeup 
 Chemical Composition Fly Ash Cement 
SiO2 (%) 56 19.13 
Al2O3 (%) 23.1 5.4 
Fe2O3 (%) 3.6 3.78 
CaO (%) 10.8 62.21 
MgO (%) 1.1 0.9 
SO3 (%) 0.2 3.04 
Na2Oeq. (%) 3.1 0.6 
Ignition loss (%)   1.65 
Physical properties 
 
    
Specific Surface Area   [m2/Kg] 288 390 
Specific Gravity   2.11 3.11 
 
3.9.1. Comparison of cements 
A thorough review was conducted to investigate the most effective concrete that 
was both accessible and provided adequate similarity to the concretes used as 
part of the seaport specification. As such, three such cement product was 
compared for macrostrain, shrinkage, compressive strength, and setting time 
(although this is not such a priority in a laboratory environment)  
The results are shown in Figure 3-7. 
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Table 3-8 Comparison of Cements 
  Blue Circle Type SL 
Cement 
General Purpose 
Cement 
Cement Australia 
Goliath Cement 
Setting Time Typical 
Result 
Requirement Typical 
Result 
Requirement Typical 
Result 
Requirement 
Initial 1.5-3hrs 45min min 60-
150mins 
45 Mins 60-
150mins 
45 Mins 
Final 2.5-4hrs 10hrs max 2-3.5hrs 10 hrs 2-3.5hrs 10 hrs 
Soundness 1.0mm 5.0mm max <3.0 mm 5.0mm <3.0 mm 5.0mm 
Fineness Index 370-430 
     
Drying 
Shrinkage 
550u 
strain 
750u strain 600u 
strain 
700u strain 440u 
strain 
650u strain 
Sodium 
Equivalent 
 
3.50% <3.5% 3.50% <3.5% 3.50% 
Alkali Content 
0.35% Not 
specified 
0.35% Not 
Specified 
    
Comp. Strength: 
3 Day 32-
39MPA 
Not 
Specified 
30-42 
MPA 
- 30-42 
MPA 
- 
7 Day 44-
52MPA 
35MPA min 43-54 
MPA 
25 MPA 43-54 
MPA 
25 MPA 
28 Day 57-
64MPA 
45MPA min 54-65 
MPA 
40 MPA 54-65 
MPA 
55 MPA 
 
The result of the comparison led to the choice of the Cement Australia Goliath 
Cement and as such, the below mix design was followed: 
Table 3-9 Concrete Mix Ratios 
Ingredient LPHS HPLS 
 kg/m3 kg/m3 
Ordinary Portland Cement 310 450 
Silica Fume 20  - 
Fly Ash 100  - 
w/b ratio mix 0.37 0.47 
20mm Aggregate [Refer Table 3-10] 790 356 
10mm Aggregate [Refer Table 3-10] 310 356 
Fine Sand 451 938 
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Ingredient LPHS HPLS 
 kg/m3 kg/m3 
Manufactured Sand 250 - 
Superplasticiser Slump 140 N/A 
 
The concrete was mixed for 10 minutes with only dry ingredients. Following the 
addition of fluids [both water and superplasticisers were specified]; the mixing 
continued for another ten minutes and was poured in two separate batches 
related to the individual mix designs as shown in Figure 3-5.  Samples were 
poured into moulds and vibrated on a vibration table for two 10 second 
increments.  
Table 3-10 Manufactured Sand Product Data 
Test Method  4.75mm Glass Sand – Product Data 
 
Test Results 
AS1141.11 % Mass Passing A.S. Sieves 
 
 4.75mm 100 
 2.36mm 77.1 
 1.18mm 44.4 
 600 microns 26.5 
 425 microns 20,0 
 300 microns 14.6 
 150 microns 8.2 
AS11411.12  Material finer than 75 microns (%)  4.6 
RTA T262 Moisture Content (%)  1.8 1.8 
AS1141.5 Apparent Particle Density (t/m3) 2.46 
 Dry Particle Density (t/m3)   2.43 
 SSD Particle Density (t/m3) 2.44 
 Water Absorption (%) 0.4 
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Figure 3-5 Samples on vibration tables following 20 seconds of vibration 
The aggregate selection was based on the nominated sizes from the Seaport 
concrete mix specifications; the testing data of this batch of aggregate is recorded 
in Table 3-11. 
Table 3-11 Test characteristics for 10mm and 20mm aggregate 
Mawsons – Pyramid Quarry Source Rock 
Test Method Characteristic Nominal Value 
AS1141.6.1 Particle Density SSD – 20mm Aggregate 
Particle Density Dry 
Water Absorption 
2630 kg/m3 
2610 kg/m3 
0.7% 
AS1141.20 Wet/Dry Strength Variation – 10mm Aggregate 
Wet Strength 
Dry Strength 
Variation 
 
111kn 
86 kn 
23% 
AS1141.23 Los Angeles Value 27 – 35 
AS1141.23 Los Angeles Value (VicRoads Assigned) 33 
AS1141.24 Sodium Sulphate Soundness 0.4% 
AS1141.25 Degradation Factor – Source rock 52 – 89 
AS1141.25 Degradation Factor – Crusher Fines 92 
AS1289.3 Plasticity Non Plastic 
AS1141.31 Light Particles <0.1% 
AS1141.32 Weak Particles <0.1% 
AS1141.35 Sugar Negative 
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Mawsons – Pyramid Quarry Source Rock 
Test Method Characteristic Nominal Value 
AS1141.39 Potential Reactivity Innocuous 
AS1012.10 Indirect Tensile Strength (modified) 12.5 kn 
AS1012.12 Unconfined Compressive Strength 131.5 kn 
AS1012.20 Soluble Salts – Chloride 
Soluble Salts - Sulphate 
Negative 
Negative 
RC374.01 
BS812 – Pt114 
Polished Stone Value 51 
  
3.10.  Testing Program 
3.10.1. Concrete compression testing 
Earlier the research program, the rationale behind the selection of concrete mix 
designs was presented. The mix that is being modelled for a port environment is 
one that has been specified for use in Australian Seaport Infrastructure. In 
addition, a control mix was included to permit a clearer investigation on how the 
chlorides permeate into the concrete as at the time of pour, it was unknown how 
much penetration would be evident in a low porosity mix. As such, the two mixes 
were labelled as LPHS (Low porosity high strength) and HPLS (High porosity 
low strength).  
Compressive strength testing was carried out at 7, 14, and 28 days in accordance 
with AS1012.8.1 – Method for making and curing concrete – Compressions and 
indirect tensile test specimens. The equipment used was MTS793|MPT with 
average time taken to failure of 120.68 seconds across an area of 7853.98mm2. 
The testing procedure was setup as noted in Figure 3-6 and the results are 
presented in Table 3-12. 
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Figure 3-6 Concrete Sample within Compressive Strength Testing Apparatus 
 
Table 3-12 Compressive Testing of Concrete 
  7 Days   14 Days   28 Days 
  N Mpa   N Mpa   N Mpa 
HPLS 220197.9 28.03647252 
 
224760.5 28.6174 
 
337432.5 42.96324 
HPLS 211050.6 26.87179829 
 
202284.5 25.75566 
 
313628.9 39.93248 
HPLS 217784.3 27.72916215 
 
263949.6 33.60711 
 
271779.6 34.60405 
HPLS 
      
340044.4 43.2958 
Average   27.54581099     29.32672     39.16659 
LPHS 313663.8 39.93691289   290150.1 36.94306   482133 61.38708 
LPHS 250919.4 31.94804521   376550.3 47.94387   422355 53.77591 
LPHS 226951.6 28.89637013   266486.2 33.93007       
LPHS 204069.5 25.9829383             
Average   31.69106663     39.60567     57.58149 
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Figure 3-7 Compressive Strength Testing 
 
The compressive strength testing within Table 3-12 showed comparable results to 
those expected from this mix design at 28 days as noted in Erasito-BECA (2014). 
The values were in keeping with the specification of the port construction and 
detailed results are given in Appendix A. 
3.10.2. Concrete permeability testing  
As a secondary indication of the durability – and the principle measurement 
technique of the permeability of the concrete samples, permeability resting was 
conducted on the concrete samples at 28 days of age. The testing gave true 
indication of the permeability of the concrete and some guidance of the future 
levels of chloride ingress over the testing period.  
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Figure 3-8 Autoclam Permeability System 
The instrument used to measure this was the Autoclam Permeability System 
with the specification listed in Table 3-13. 
Table 3-13 Capacity and Specification of Autoclam Instrument Used 
Pressure transducer    
Capacity : 1 Bar (100kPa)  
Overload without damage :  2 x rated range  
Pressure Transducer Accuracy  ± 1% span  
Operating temperature :  0 - 50 degrees C  
Excitation voltage :  5.0 Vdc  
    
Range of permeation properties    
Air permeability index :  0 to 3.912 
Ln(pressure)/min.  
Absolute maximum rate of flow  1mL/min  
Resolution in water flow tests :  1μL 
    
General    
Reservoir Capacity :  100ml  
Battery Capacity :  2.2 AH  
THE EFFECTS OF CLIMATE CHANGE ON THE RATES OF CHLORIDE INGRESS INTO REINFORCED CONCRETE IN SEAPORT INFRASTRUCTURE. 
 
126 | DOCTOR OF PHILOSOPHY (ENGINEERING) | ANDREW COLIN HUNTING 
 
The water permeability testing also showed direct correlation between the 
intended concrete makeup and design strengths showing the intended values at 
only 28 days of curing. Literature suggests that these indications (Basheer, 1994) 
show more obvious differential following a longer period of exposure. 
3.10.3. Scanning Electron Microscopy (SEM) 
As detailed within the Literature Review section of this research, there are 
several imaging techniques that, when used independently, provide only a 
segment of the sample and its make-up. Scanning Electron Microscopy (or SEM), 
provides exactly this, in that it is a static slice of a sample of concrete. The other 
benefits of SEM relate to the morphology and visibly quantifiable composition of 
any given element. By using these elements in unison, quantifiable amounts of 
each element within a given sample can be established.  
The importance of this ability to see both the topographical and compositional 
data resides in the necessity to inspect the ion concentrations of chlorides at 
various depths of the steel cover. Moreover, there is increased visibility around 
the pore void volumes, hydration of cementitious products, and permeability 
pathways of ions through the pore matrix through the interfacial transition zone 
(ITZ).   
As is discussed later in this research, there is growing need for the investigation 
into the efficiencies of hydro-silica gels that form within the pore matrix of 
concrete. There is claim laid that these sealant products can be retro-applied to 
the concrete surface and as will penetrate the concrete up to the steel 
reinforcement. As this solution reacts with the silica from the mix of the concrete, 
it forms a solid hydro-silica gel that crystallises and forms a barrier for other 
chlorides to penetrate inwards.  
The rating of the effectiveness of these products will also play a significant role in 
the visibility provided by SEM technology.  Reinforced concrete (RC) structures 
that are exposed to environmental weathering are often susceptible to both 
chemical attack as well as a mechanical weathering process that will invariably 
reduce the serviceable life span of an asset. The void connectivity of concrete 
often defines this resistivity towards these weathering forces; however existing 
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traditional methods are limited in their accuracy for measuring the volume of 
these units. Further, some elementary studies have shown that the continuous 
weathering chloride and sulphate attack on concrete will progressively impact 
the concrete void distribution, effectively causing increased vulnerability to 
ingress attack.  
 The rate of penetration of chlorides is directly linked to the pore 
interconnectivity and the pore microstructure within the matrix. The equipment 
used in this research is not capable of individually identifying gel pores and 
single crystallites; however, the pore interconnectivity will provide firm evidence 
on the vulnerability of concrete and the incidence of weathering on the 
mechanical properties of the concrete.  
Two different concrete mix designs (high strength and low strength) were 
examined at a 13-micron pixel size with analysis conducted on the void 
distribution after exposure for two years to simulated chloride and sulphate 
attack. The results illustrate the deleterious mechanical implications that 
continuous wetting and drying cycles will have on concrete and consequently, the 
material’s permeability.  
3.11. SEM Imaging of Surface Protection Product into 
Concrete 
To support the FTIR analysis of the product’s penetration into concrete and how 
it physically appears to be present within the pore matrix, a scanning electron 
microscope was used to illustrate graphically how the penetration appears at a 
microscopic level.  
This tomography and Scanning Electron Microscopy (SEM) led to the clear and 
visual reporting of how environmental exposure can mechanically weather the 
surface and structure of the concrete. Moreover, this imagery applied for 
recommendations to be firmed around the effects of various mix designs and how 
they improve or detract from the environmental resilience of the concrete.    
The following settings were employed during the imaging: 
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Table 3-14 Function and settings of FEI Quanta 200 for SEM 
Function Setting 
Resolution Low-Vacuum <12nm @ 3kV (SE) 
Spot 5.0 
Detector Low-Vacuum SED (LFD) 
Magnification 800x 
Chamber Pressure  0.98 Torr 
EDX Take-off angle  35 degrees 
Vacuum System  1 x 240l/s TMP, 1x PVP 
Repeatability  2µm 
Rotation  360 degrees continuous 
Chamber WD 10.1mm 
Coating on Sample Carbon 
 
 
 
Figure 3-9 FEI Quanta 200 Scanning Electron Microscope 
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3.11.1. Sample Preparation 
During this testing procedure, 10mm x 10mm segments were taken from the 
depths of 0-10mm, 10-20mm and 20-30mm of both the treated and untreated 
samples as shown in Figure 3-8. 
 
Figure 3-10 Slicing of 10mm cubes from surface 
 
Following the cutting of samples, cubes were placed into plastic moulds and set 
in resin within a vacuumed chamber and then baked at 80 degrees for 24 hours 
as shown in Figure 3-11. 
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Figure 3-11 Resin poured into moulds prior to vacuum setting procedure 
Sample preparation followed with grinding and buffering the exposed side of the 
samples that would be visible to the electron gun as shown in Figure 3-12. 
 
Figure 3-12 Final prepared sample prior to imaging 
 
3.12. X-Ray Tomography 
This section provides the program and methods of the x-ray tomography imaging 
and testing procedures. A more detailed discussion with results and conclusions 
are listed within the Micro imaging sections of this research. There is also a 
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further discussion surrounding the prominence of x-ray tomography and the 
mechanical weathering process that is so common within concrete structures.  
An experimental process was set-up using segments from individual samples 
that had been exposed to various environments  
Of the multiple components which go into a concrete mix, there are often three 
techniques which are used to provide an accurate model of the pore structure. 
This includes mercury intrusion porosimetry (MIP), nitrogen sorption, and 
electron microscopy. However, the culmination of these three methods will often 
still require destructive sectioning if a 3D model is to be produced. To avoid the 
requirements of destructive sectioning, and sample preparation, X-ray 
tomography uses samples in their most basic form for analysis.  
Within this research, there are two prominent forms of x-ray tomography used; 
firstly, an industrial topographical setup through an affiliation with Monash 
University was used initially to provide higher resolution imagery of smaller 
concrete samples – the precise hardware is discussed later. The Australian 
Synchrotron was also highly beneficial to undertake imagery of larger concrete 
samples which give a clearer explanation of how ITZ orientates around particular 
aggregate elements. This translates to a quantifiable index of the ion movement 
channels through the concrete to better quantify how the concrete will respond in 
a chloride environment. The void connectivity and voxel ratio will provide clear 
indication on anticipated lifespans for concrete in a chloride aggressive 
environment into the future.  Literature is beginning to observe more published 
material on the imaging of concrete and cement mix crystalline phases. SXPRD 
will most commonly employ the Rietveld methods which utilise the highest 
resolution data for exploring these complex materials at various points during 
the curing timeline. (Petersson VK et al., 2006) utilised neutron powder 
diffraction data with the very high-resolution data which was obtained at 
synchrotron powder diffractometers which allowed the comparison of phase 
coexistence within certain clinkers. 
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3.13. Advanced micro imaging techniques  
The essence of micro imaging techniques based around an x-ray radiation source 
that is illuminated with a high flux, and overly collimated electromagnetic 
radiation. This allows for a very bright incident beam which will assist in 
providing a more rapid rate of data collection, which is particularly important 
when there are several acquisitions that are needed for a single data set, and the 
time allowed between each iteration needs to be kept to a minimum. This 
research noted that the time will be impacted by the strength of the light source, 
as a weaker light source will effectively take a longer amount of time to produce a 
high-resolution image onto the scanner prior to the stage adjusting its pitch prior 
to the next illumination taking place. Another known benefit of this high 
intensity light is the diameter and focus size of the incident beam. When the 
strength for the source of lighting is increased, the selectivity is increased which 
allows the energy variance to change whilst still maintaining an accurate data 
count.  
This increase in the intensity of the radiation produced and used in a source such 
as a synchrotron, also increases the signal to noise ratio allowing for 
distinguishability of smaller and more acute elements which would otherwise be 
indistinguishable from the background noise.  
Benefit is also sought in the simplicity of sample preparation in the testing 
procedure. In other testing methodologies, samples are required to be polished, 
ground down to a powder, or additional agents and chemicals are to be added to 
enhance the visibility of certain elements. Conversely; x-ray tomography allows 
for the sample to be located on the stage in its most basic form and radiation to 
be exposed almost immediately.   
The emergence of X-ray tomography within medical imaging offered a 
sophisticated method to understand concrete at a micron scale. The benefits of 
the imagery process on concrete are such that evidence of the pore matrix volume 
is easily quantifiable. The details of this process are described further in this 
document; however, it is important to note that as the beam strength of the light 
source becomes stronger, there is both opportunity for larger samples at higher 
resolution and magnification. This study initially used an 8KeV light source 
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which still allowed sufficient resolution and accuracy in separating elements and 
quantifying void volume.  
Further to this, the SEM also provided clear visual graphics of the penetration of 
concrete protection solutions that assist in blocking the ingress of ions 
detrimental to the concrete. By observing the various depths of the penetration of 
the solution, there was opportunity with an external industrial partner to 
observe the crystallisation process as a result of the reaction between the calcium 
from any Alkali-Silica reaction (ASR) and the penetrated solution.  
The SEM procedure is conducted by accelerating a beam of electrons with an 
anode voltage differential towards a segment of concrete which has been exposed 
to the surface penetration sealant that is then placed on a target area. As this 
process occurs, positive electrons are shot towards the sample target and the 
Wehnelt electrode are floating with a negative potential during which time the 
anode is earthed which accelerates the emitted electrons from the cathode. The 
following settings were employed during the imaging: 
Table 3-15 Function and settings of FEI Quanta 200 for SEM 
Function Setting 
Resolution Low-Vacuum <12nm @ 3kV (SE) 
Spot 5.0 
Detector Low-Vacuum SED (LFD) 
Magnification 800x 
Chamber Pressure  0.98  Torr 
EDX Take-off angle  35 degrees 
Vacuum System  1 x 240l/s TMP, 1x PVP 
Repeatability  2µm 
Rotation  360 degrees continuous 
Chamber WD 10.1mm 
Further details of the sample preparation prior to the concrete being set into 
moulds and polished are noted in later chapters.  
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Figure 3-13 3GeV Imaging beam room at Australian Synchrotron 
The implementation of these two complex light imaging sources was paramount 
to illustrate both the higher resolution imagery from the Andos I-Kon CCD 
detector and the larger sampling opportunities of the 3GeV synchrotron light 
source. These techniques are discussed within the micro imagery chapters of this 
research.  
3.13.1. Testing for chloride ingress 
The testing regime for the chloride content of the concrete samples is required to 
undergo additional cautions when preparing samples that are often disregarded 
when conducting standard concrete testing. Of high importance and as an 
overarching concern to the testing regime is the time that the samples stay out of 
the simulated environments. Over the three-year program, the testing blocks 
were subjected to continuous wetting and drying cycles that simulated that of 
being exposed to a splash zone in a marine environment.  
After being exposed for this period of time, there is a certain internal hydration 
level that is maintained within some sections of the samples as has the 
concentration flux across the internal pore matrix. With this consideration, there 
was concern around the potential for the samples to become over-dried once 
removed from the tanks which could have resulted in micro cracking in the 
uncontrolled, and relatively dry environment.  
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As such, the samples were removed from the simulated wetting and drying 
simulated environments at the end of one cycle to minimise the number of cycles 
missed prior to their return. Following this, there was 65mm cores taken to a 
depth of 50mm with a diamond tipped coring device. Additional time was taken 
where necessary to ensure that undue stress was not applied to the blocks which 
may have caused micro cracking. All coring and cutting during the sampling 
procedure was carried out with in a ‘dry’ setting to eliminate the possibility of 
washing away chlorides which would have resulted in inaccuracies in testing.     
Using a dry coring machine, cores were taken from samples at around 3000 psi 
(pressure). Cores drills were 57mm exterior diameter, which gives around 60mm 
internal core sample produced. Cores were then dry cut (as to not to wash away 
the chlorides) using a 6inch – 15mm diamond tipped grinding wheel on a sliding 
bench. Issues were faced in the early stages of this process with the wheel 
becoming blunt as there was not sufficient water to cool it down.   
The cores were then finely cut into 8mm segments with a 2mm x 100mm ø 
diamond tipped cutting blade under a dry cut regime. As each segment was cut, 
it was immediately recorded and bagged into a pre-registered bagging 
identification register. Once cut, the samples are ground down with a mortar and 
pestle and then divided – Approximately one quarter (15 grams) is packages and 
ready to be sent to external testing partners. 
Once this occurs, the core holes (approximately 50mm deep) in the samples are 
filled with a high performance, low alkali, micro-concrete reinstatement mortar. 
The properties of the product are as below. 
Table 3-16 Product properties 
Parchem RenderRoc LA55 
Compressive Strength 
(AS1478.2 – 2005)  
60MPa @ 28 days 
Bond Strength (BS 1881 Pt 
121:1983 – restrained)  
34KN/mm2 @ 28 days 
Water absorption rate 
ISAT (BS 1881 Pt 5:1970) 
0.002 ml/m2/sec @ 2 hours 
 
Alkali content  2.9kg/m3 
Chloride Diffusion 
Nordtest NT Build 443 
0.64 * 10-12 m2/sec 
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Once the cores were taken, the high-strength and low porosity grout was applied 
to the core holes and allowed to cure 28 days. During such time, the curing areas 
were sealed with a watertight compression seal and returned to the simulated 
environments to allow the wet/dry cycling to continue.  
Each one of the segments cut represented a depth of core from the substrate 
surface that would give understanding around the quantities of chlorides present 
which could then be used for the modelling after the various times of testing.  
With the project counterparts in China, there was a benchmarking process that 
was undertaken to ensure consistency of results, and as such, each sample was 
segmented into three equal sections – one for testing at the counterpart 
university, one for benchmarking chloride level with through an external NATA 
laboratory, and one that is kept for reference and secondary verification. These 
reference samples were later used in the topographical and spectroscopy 
investigations of this research to facilitate discussion of the development of 
certain sample over a given amount of time.  
3.13.2. Preparation of samples  
The preparation of the concrete samples followed the directions of AS1012.20 – 
1992 Method 20 – Determination of chloride and sulphate in hardened concrete 
and concrete aggregates.  
The preparation of samples involves a minimum of 50 grams passing the 150 µm 
sieve with a total of not less than 20 g which is required to be prepared.  
The procedure is as follows: 
1) Progressively crush large samples until the sample can pass a 6.7 mm sieve 
and split the sample into a container holding at least 500 grams.  
2) Further crush the reduced sample until it will pass a 1.18 mm sieve and split 
the sample to at least 50 grams. 
3) Grind the reduced sample to pass a 150 µm sieve.  
4) Where necessary, grind any cements, fly ashes, slag or other powdered 
admixtures to pass a 150 µm sieve. 
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5) Dry the sample to a constant mass at a temperature of 100 C to 110 C. 
Following separation, each sample was pulverised to a fine powder to allow for 
chemical analysis to be carried out. Each individual powder sample was then 
weighed and stirred in a solution of distilled water and the applicable amount of 
nitric acid – as determined in the table below.  
Table 3-17 Table 1 AS1012.20 – 1992 Method 20 – Determination of chloride and sulphate in 
hardened concrete and concrete aggregates. 
Material Dry Sample 
Mass (g)  
Weighing 
Accuracy (g)  
Volume of 20% 
nitric acid mL.  
Aggregates  and sands        20 0.01 50 
Calcareous  aggregates  and  
sands   
20 0.01 100 
Concrete  and  mortars      15 0.01 50 
Calcareous  aggregate concrete  
and  mortars   
15 0.01 100 
As the focus of this research is investigation of chloride levels, the procedure is as 
follows: 
1) Pipette  50  mL  of  undisturbed  solution  for  determination  of  chloride  
content  by  a  Mohr’s titration method. 
2) Express chloride content as percentage Cl (by mass) of oven-dried sample. 
3.14. Parallel testing program: North China University 
of Water Resources and Electric Power 
Working in parallel with the experimentation procedure at RMIT, a parallel 
testing program was developed with the North China University of Water 
Resources and Electric Power (NCUWREP). This relationship lasted the duration 
of the research and utilised the skill sets of both research partners to achieve a 
mutually beneficial relationship.  While the majority of the experimentation 
chambers took part at RMIT, there was a smaller set of samples that were 
designed to mimic the principal experiments in order to provide discussion 
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around the impacts that a localised concrete production market can have on the 
durability of the concrete.  
Test conditions between the two institutions remained constant as they were 
accurately controlled in salinity, humidity, temperature, and frequency of 
saturation. This left only the localised ingredients as the obvious variable; albeit 
the ratios of aggregate, sand, water and cement remaining constant.  
In order to ensure there was consistency around the concentration and ratios of 
chlorides and ions within the sea-water solution, a substantial quantity of the 
NaCl formula in powder form was sent to China to eliminate this variable.  
3.14.1. Experimental conditions in China 
The availability of chloride concentration infrastructure within China allowed 
more frequent testing to be carried out and as such, the saline results were taken 
at monthly intervals in lieu of annual intervals. This gave result to a boarder 
discussion around the vulnerability and absorption rates of the chlorides into the 
concrete at the early parts of the concrete’s lifespan.  
The testing conditions in China also exposed the concrete samples to 
environmental variance to that of the controlled Australian environments. 
Further – the prevalence of Fly Ash within Chinese concrete mix design 
supported the direction of utilising this pozzolanic admixture within the testing.  
It is well known that a concrete mixture with a lower permeability will typically 
render the concrete more resilient against ingressing contaminants.  The impact 
of the mixture of concrete was quantitatively expressed by  (Stanish and Thomas, 
2003) whereby: 
𝐷𝑎𝑣𝑔 = 𝐷𝑟𝑒𝑓 ∗ 𝑚(
𝑡𝑟𝑒𝑓
𝑡𝑒𝑓𝑓
) 
• Whereby, Davg = average diffusion coefficient at time teff 
• Dref = diffusion coefficient at the reference age 
• tref = reference age of concrete 
• teff= effective age of concrete 
• m = material coefficient which is pre-determined by the mix designs of the 
concrete.  
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This was determined through an estimator equation which linked the time 
dependant diffusion coefficients with the Portland cement mix designs. The 
results showed that the value of m varied from 0.32 for straight Portland cement 
and 0.66 for 25% replacement of cement with fly ash.  
By extrapolating the above equation, it is noted that an increase in the fly ash 
content would in-turn increase the diffusion coefficient. This was also reported by 
others but found in almost all cases to lower the diffusion coefficient in the later 
ages of the concrete’s lifespan(Basheer et al., 2002, Papadakis, 2000, Mangat and 
Molloy, 1994).  
Further testing results of the parallel testing program in China are detailed later 
in this research. 
3.15. Summary 
This chapter has detailed the experimental program and methods that have been 
employed throughout the duration of this research. The design of the 
experimental procedure ensured that there was strict adherence and similarity to 
the construction methods used within industry to ensure applicability to in-situ 
structures.  
Following the literature review, care was also taken in the selection of variables 
that were selected to be tested given the probabilities of variance over time and 
the availability of resources.  
The collection of the chloride ingress data over the simulated environments over 
the three-year period enabled the collection of reliable and consistent results for 
the modelling scenarios of this research. The literature review referred to the 
absence of experimental programs within current literature that have been 
conducted in controlled exposure conditions over this period of time with such 
close applicability to the current context of climate change.  In building an 
experimental procedure of this nature, the reliability of the results gained will be 
used in future studies on chloride ingress into concrete. For this reason, the 
methods employed within this research have wherever possible followed the 
applicable Australian Standards, and in the absence of an applicable or widely 
acceptable AS, the British Standard has been followed.   
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The inclusion of the micro imaging techniques provides additional support for 
how the concrete pore structure is being impacted by these environments and the 
influence that remedial measures may have on this pore matrix.  
The research will utilise the results from the testing to support the mathematical 
modelling software that has been created as a part of the climate change 
modelling software. 
The chronological order of these research areas, with the ongoing review of 
current gaps in knowledge within literature ensured that the theoretical 
frameworks that were utilised within the mathematical modelling algorithms 
could be validated by the practical laboratory experiments and topographical 
imaging techniques. Further to this, the works stakeholders that are currently 
dealing with the forefront of these issues – both the impact of the changing 
climate and the remedial techniques to remedy these processes ensured that the 
research remained at the forefront of current research and real-world issues. 
 The following chapter details the results from the testing of this experimental 
procedure.  
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4 
CHAPTER FOUR: ANALYSIS OF RESULTS 
4.1. Introduction 
The experimental program and methods combined with the research 
methodology presented a clear experimentation procedure that has been 
undertaken in controlled environments over a three-year period. This chapter 
presents the analysis of results which indicated the relationship between the 
surrounding environment; most importantly the temperature and the sea surface 
salinity and chloride ingress in concrete. These values may be used by broader 
literature and are also employed in the numerical modelling section of this 
research. The chapter commences with the results of the concrete leaching 
analysis.  The research will then present the results from the chloride content 
testing at 52, 104, and 152 weeks and the implications that come with the 
accuracy of the BS1884 testing procedure. 
The results presented also outline the parallel testing program that occurred 
with the North China University of Water Resources and Electric Power which 
highlights the influence on pozzolanic admixtures; and the effect that varying 
degrees of fly ash will have on the rates of chloride ingress. Further discussion of 
the results is presented later in the summary and discussion section of this 
research. The chapter concludes with a regression analysis conducted on the 
results of the chloride testing to derive the concrete diffusion coefficient.  
The obvious trend throughout these results is the clear influence that the 
surrounding environment is having on the rates of chloride ingress within 
concrete. The results demand the need for further numerical modelling to be 
undertaken especially given the impending context of a more corrosive 
environment through climate change.   
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4.2. Results from laboratory experiments 
4.2.1. Testing for chloride leaching 
There has been clear consensus within literature that the leaching of concrete 
can be a slow and steady progression, and is dependent upon the concrete mix 
design and presence of superplasticisers and admixtures. Leaching was 
examined in their research to understand the requirements of maintaining 
controlled saline environments during the comprehensive experimental 
procedure. 
The porous nature of concrete renders the boundary between the external and 
internal environment akin to a passive membrane that is open to associate with 
its surroundings.  
As noted earlier with respect to maintaining the level of solution within the 
tanks, there was continuous interaction and transfer of both the internal porous 
substances within the blocks and the external solutions.  
Further, leaching will be either inhibited or accelerated due to the surrounding 
environment.  To monitor this, regular tests were taken to monitor how the 
leaching of substances from the concrete would affect the chloride levels within 
the concealed chloride environment and were recorded in Table 4-1.  
Over a period of 100 days, the leaching was found to increase through the 
monitoring of the pH and salinity levels within the simulated environmental 
tanks. Further, it was noted to be of higher influence within the Chamber 
environment (25°C @50%RH) than the Cabinet Environment (15°C / 50% RH). 
Although there is literature to suggest that concrete that undergoes a constant 
leaching process for some time may increase its surrounding salinity; there are 
two principle reasons for this change. Firstly, there is osmosis; the effect of H20 
ions making their way from a region of high (within the concrete sample) 
concentration to an area of low concentration (external to the concrete sample). 
This is often related to acid-soluble chlorides which may be bound to aggregate as 
they are mixed into the concrete. There is also some opportunity for chlorides to 
be mixed into the water; especially in developing countries where seawater is 
used for pouring concrete. The second manner by which the increase in the 
solutions chloride can increase is due to absorption through the concrete pore 
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matrix of the water ions. As this process occurs, there is chance that the chloride 
ions did not penetrate through the pore matrix, and as such are left within the 
saline solution; effectively increasing the content of chlorides to water ratio.  
During the period of testing, the results showed a strong trend of increase in 
salinity. As per the experimental methodology, the testing of salinity was to 
cease after 100 days, and saline changed externally when the measured level 
exceeded the 10% window of tolerance from the desired level. The Table 4-1 
records the varying levels of salinity within the tanks during the first 90 days of 
testing. The nature of variability was such that as some of the solution would 
evaporate, there would be chlorides left behind in the tank, and likewise, as 
chloride ions permeated into the concrete matrix, there was surplus fluid left 
within the tank that lowered the chloride concentration within the solution. After 
a period of around 70 days, this transaction began to stabilise and the salinity 
levels remained constant.   
Table 4-1 Testing of Saline Solutions with Simulated Environments 
Cabinet Environments @ 15°C / 50% RH 
Days after 
immersion 1 4 18 30 42 52 74 88 89 101 
10ppt j 10.15 10.01 10.12 9.8 9.9 9.77 9.65 9.65 9.56 
20ppt 20.4 20.12 20.8 20.9 20.22 21.12 21.51 21.64 21.64 21.74 
30ppt 29.4 30 31.8 31.1 29.3 31.9 32.6 32.4 32.4 32 
40ppt 39.4 39.5 41.9 42 40.7 44 44 44 39.5 39.8 
                      
Percentage Deviation from desired 
Days after 
immersion 1 4 18 30 42 52 74 88 89 101 
10ppt 4.20% 1.50% 0.10% 1.20% -2.00% -1.00% -2.30% -3.50% -3.50% -4.40% 
20ppt 2.00% 0.60% 4.00% 4.50% 1.10% 5.60% 7.55% 8.20% 8.20% 8.70% 
30ppt -2.00% 0.00% 6.00% 3.67% -2.33% 6.33% 8.67% 8.00% 8.00% 6.67% 
40ppt -1.50% -1.25% 4.75% 5.00% 1.75% 10.00% 10.00% 10.00% -1.25% -0.50% 
                      
Chamber Environments @ 25°C / 50% RH 
Days after 
immersion 1 4 18 30 42 52 74 88 89 101 
!0ppt 10.12 10.25 10.6 9.84 9.42 9.71 9.87 10.02 10.02 9.9 
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20ppt 20.65 20.27 21.78 21.36 20.69 21.83 22.7 21.4 21.4 22.3 
30ppt 29.6 29.6 30.9 31.6 30.2 32.6 34.6 35.2 35.2 29.4 
40ppt 39.4 39.6 41.9 42 39.4 41.8 44 44 40.5 40.6 
Percentage difference from desired 
Days after 
immersion 1 4 18 30 42 52 74 88 89 101 
10ppt 1.20% 2.50% 6.00% -1.60% -5.80% -2.90% -1.30% 0.20% 0.20% -1.00% 
20ppt 3.25% 1.35% 8.90% 6.80% 3.45% 9.15% 13.50% 7.00% 7.00% 11.50% 
30ppt -1.33% -1.33% 3.00% 5.33% 0.67% 8.67% 15.33% 17.33% 17.33% -2.00% 
40ppt -1.50% -1.00% 4.75% 5.00% -1.50% 4.50% 10.00% 10.00% 1.25% 1.50% 
This table illustrates both the measured chloride levels and the percentage 
difference form the desired level.  
 
Figure 4-1 Cabinet Environments @ 15°C / 50% RH 
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Figure 4-2 Chamber Environments @ 25°C / 50% RH 
It is worthwhile noting that the chloride content was modified after 88 days in 
both environments as there was an excessive increase of salinity that exceeded 
the tolerable boundary of 3 tests over 10%. Illustration of how these changed over 
time is illustrated in Figure 4-1 and Figure 4-2. 
 
Figure 4-3 Percentage change in salinity – cabinet - 15°C / 50% RH 
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Figure 4-4 Percentage Change in Salinity - Chamber - 25°C / 50% RH 
There is substantial evidence from the data that there is a continuous interaction 
between the concrete samples and their environment.  
Contrary to Schiopu et al. (2009), the above evidence suggests that the 
magnitude of change increases with the age of the concrete; however there are 
certain factors that must be considered prior to referencing the above 
information. Firstly, the testing of salinity variance should have been continued 
for a longer period to understand what the expected longer-term impacts could 
be. Further, it is important to remember that this testing was part of a larger 
research project that relied on consistent environmental conditions. Given that 
this took priority over the investigation of leaching of concrete, the saline levels 
were artificially adjusted back to their required levels (as noted above).  In 
addition, there are many other ions that would have been freely moving between 
the chloride solution and the concrete sample which were not recorded due to 
limitations in testing equipment and relevance to broader study.  It can be said 
reassuringly that the acidity of the solution would have continually been varied 
as a result of these interactions.  
The demonstration of the interaction of the concrete and its surrounding 
environment through leaching proves the important consideration when 
researching broader movement of ions with the concrete material. It is also 
evident that there is greater variability in the tank solution at higher 
concentrations of salinity. This suggests that the concrete responds in a more 
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active manner at higher saline concentrations and is consistent with the physical 
deterioration that is evident in higher saline environments explored in the x-ray 
tomography sections.   
Although concrete leaching does not necessarily present a severe threat to society 
or coastal seaports, there have been instances by which leaching of alkali from 
concrete into environmentally sensitive areas can become problematic for 
infrastructure groups (Setunge et al., 2009). This study, as well as others  made 
clear reference to the rate of leaching diminishing after a certain period of time 
(Kurumisawa et al., 2015).  
4.3. Water and Air Permeability Testing 
Within the results of the air permeability testing (Table 4-2), there is reasonable 
evidence to support the ability for higher air pressure within the system to be 
maintained with the HSLP mix designs. To this end, as RH approaches 65% a 
high number of capillaries contain very little free moisture and as a result, 
moisture loss within the pores begins despite the negligible impacts on the gel 
structure. Once the RH drops to 40%, the interlayer moisture loss is more likely 
to occur which provides the start of the finer pore structures to begin to crack and 
break down leaving only the formation of larger pores and therefore higher 
interconnected flow paths and absorption.  
Table 4-2 Air Permeability Testing Results 
Air Permeability Testing 
Test Time Pressure 
  
HSLP–P1 HSLP-P2 LSHP-P1 LSHP-P2 
0 Minutes 511 515 508 515 
1 Minutes 379 437 371 380 
2 Minutes 299 383 288 240 
3 Minutes 240 337 226 194 
4 Minutes 196 398 178 141 
5 Minutes 161 263 140 103 
6 Minutes 135 233 111 76 
7 Minutes 113 207 88 56 
8 Minutes 96 184 69 42 
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Air Permeability Testing 
Test Time Pressure 
  
HSLP–P1 HSLP-P2 LSHP-P1 LSHP-P2 
9 Minutes 82 164 55 39 
10 Minutes 70 146 43 35 
11 Minutes 60 130 34 27 
12 Minutes 51 116 26 22 
13 Minutes 44 104 20 18 
14 Minutes 38 93 16 14 
15 Minutes 33 83 15 15 
This consideration was recalled in the reporting of the water permeability testing 
and drove the order for the water testing to occur secondary to the air testing. 
The results are as follows: 
Table 4-3 Water Permeability Testing Results 
Water Permeability Testing 
Test Time Pressure 
  
HSLP-P1 HSLP-P2 LSHP-P1 LSHP - P2 
0 Minutes 295 306 308 223 
1 Minutes 292 299 304 177 
2 Minutes 292 295 297 165 
3 Minutes 290 292 294 159 
4 Minutes 288 290 291 155 
5 Minutes 287 288 290 153 
6 Minutes 287 286 288 151 
7 Minutes 285 284 286 150 
8 Minutes 285 283 284 149 
9 Minutes 284 282 281 149 
10 Minutes 283 280 279 148 
11 Minutes 282 279 277 147 
12 Minutes 283 277 275 147 
13 Minutes 282 276 274 146 
14 Minutes 281 274 272 148 
15 Minutes 281 273 270 147 
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4.4. Modelling of Results  
4.4.1. Results at 52 weeks 
52 weeks showed an increase in the levels of chloride ingress that have 
permeated the concrete samples with the rate of chloride content increase 
showing a discernible different between the two variations of concrete.  
In all cases, there was a noticeable trend downwards in the chloride content 
absorption within the 30ppt concentration tank. This is made evident in Figure 
4-5 and Figure 4-6 where the respective chloride contents drop from the 
continuous positive relationship with the environmental salinity increase. These 
results are consistent with the results from the concrete leaching experimental 
procedure whereby the 30ppt tank exhibited the highest variance in the leaching 
impacts. The heightened leaching of this particular concentration suggests that 
there is greater fluid movement across the pore matrix which would show the 
heightened leaching values as lower chloride concentration given many of the 
chloride ions would have been flushed from the matrix during the wetting and 
drying cycles. 
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Figure 4-5 Chloride Content - Low Porosity (LPHS) 52 Weeks 
 
 
Figure 4-6 Chloride Content - High Porosity (HPLS) Chamber @ 52 Weeks 
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4.4.2. Results at 104 weeks 
The results shown following a further 52 weeks of exposure showed major 
inconsistencies when compared to the almost linear results presented in the 52-
week testing. It would be hypothesised that a positive trend would be observed 
because of a greater amount of time passing which allowed further ion movement 
across the concrete pore matrix. However, in many cases there was a reduction in 
the chloride content within the concrete which is shown in Table 4-4. The 
incidence of this issue appeared more prevalent within the segments taken from 
deeper within the core which begins to suggest that there may have been water 
used within the cutting process which could have reduced the lower 
concentrations of chlorides at depths, whereas there is the possibility that the 
segments with higher concentrations remained are possible as the 0-10mm 
segment would have only been cut once to size, unlike the remaining segments of 
a core.  
Table 4-4 Chloride Content and Variance at 104 days 
Sample 
Number Concrete Salinity Temp Humidity 
Sample 
Segment C(X,t) @ 52 Weeks 
C(X,t) @  
104Weeks Variance 
4 HPLS1 10 15 50% 0-10 mm 0.0688  0.1957 0.1269 
5 HPLS1 10 15 50% 10-20 mm 0.0159  0.0022 -0.0137 
6 HPLS1 10 15 50% 20-30 mm 0.0030  0.0021 -0.0009 
10 LPHS1 10 15 50% 0-10 mm 0.0051  0.001 -0.0041 
11 LPHS1 10 15 50% 10-20 mm 0.0033  0.0008 -0.0025 
12 LPHS1 10 15 50% 20-30 mm 0.0036  0.0005 -0.0031 
16 HPLS2 20 15 50% 0-10 mm 0.0686  0.012 -0.0566 
17 HPLS2 20 15 50% 10-20 mm 0.0135  0.01 -0.0035 
18 HPLS2 20 15 50% 20-30 mm 0.0023  0.005 0.0027 
22 LPHS2 20 15 50% 0-10 mm 0.0050  0.0065 0.0015 
23 LPHS2 20 15 50% 10-20 mm 0.0039  0.0007 -0.0032 
24 LPHS2 20 15 50% 20-30 mm 0.0025  0.0006 -0.0019 
28 HPLS3 30 15 50% 0-10 mm 0.0835  0.0026 -0.0809 
29 HPLS3 30 15 50% 10-20 mm 0.0187  0.0022 -0.0165 
30 HPLS3 30 15 50% 20-30 mm 0.0096  0.0008 -0.0088 
34 LPHS3 30 15 50% 0-10 mm 0.0055  0.0132 0.0077 
35 LPHS3 30 15 50% 10-20 mm 0.0035  0.0008 -0.0027 
36 LPHS3 30 15 50% 20-30 mm 0.0023  0.0005 -0.0018 
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 153 
Sample 
Number Concrete Salinity Temp Humidity 
Sample 
Segment C(X,t) @ 52 Weeks 
C(X,t) @  
104Weeks Variance 
40 HPLS4 40 15 50% 0-10 mm 0.0954  0.1495 0.0541 
41 HPLS4 40 15 50% 10-20 mm 0.0211  0.0083 -0.0128 
42 HPLS4 40 15 50% 20-30 mm 0.0059  0.0008 -0.0051 
46 LPHS4 40 15 50% 0-10 mm 0.0059  0.0033 -0.0026 
47 LPHS4 40 15 50% 10-20 mm 0.0051  0.0009 -0.0042 
48 LPHS4 40 15 50% 20-30 mm 0.0030  0.0004 -0.0026 
52 LPHS5 10 25 50% 0-10 mm 0.0031  0.0109 0.0078 
53 LPHS5 10 25 50% 10-20 mm 0.0021  0.0009 -0.0012 
54 LPHS5 10 25 50% 20-30 mm 0.0021  0.0006 -0.0015 
58 HPLS5 10 25 50% 0-10 mm 0.0039  0.0082 0.0043 
59 HPLS5 10 25 50% 10-20 mm 0.0034  0.0044 0.0010 
60 HPLS5 10 25 50% 20-30 mm 0.0024  0.001 -0.0014 
64 HPLS6 20 25 50% 0-10 mm 0.0652  NO RESULT 0 
65 HPLS6 20 25 50% 10-20 mm 0.0189  NO RESULT 0 
66 HPLS6 20 25 50% 20-30 mm 0.0045  NO RESULT 0 
70 LPHS6 20 25 50% 0-10 mm 0.0062  0.0044 -0.0018 
71 LPHS6 20 25 50% 10-20 mm 0.0025  0.0003 -0.0022 
72 LPHS6 20 25 50% 20-30 mm 0.0043  0.0002 -0.0041 
76 LPHS7 30 25 50% 0-10 mm 0.0817  0.0401 -0.0416 
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Sample 
Number Concrete Salinity Temp Humidity 
Sample 
Segment C(X,t) @ 52 Weeks 
C(X,t) @  
104Weeks Variance 
77 LPHS7 30 25 50% 10-20 mm 0.0038  0.0008 -0.0030 
78 LPHS7 30 25 50% 20-30 mm 0.0025  0.0005 -0.0020 
82 HPLS7 30 25 50% 0-10 mm 0.0372  0.05 0.0128 
83 HPLS7 30 25 50% 10-20 mm 0.0224  0.0262 0.0038 
84 HPLS7 30 25 50% 20-30 mm 0.0030  0.0083 0.0053 
88 LPHS8 40 25 50% 0-10 mm 0.0171  0.0403  0.0232 
89 LPHS8 40 25 50% 10-20 mm 0.0033  0.0182  0.0149 
90 LPHS8 40 25 50% 20-30 mm 0.0016  0.0039  0.0023 
94 HPLS8 40 25 50% 0-10 mm 0.0691  0.0072 -0.0619 
95 HPLS8 40 25 50% 10-20 mm 0.0068  0.0009 -0.0059 
96 HPLS8 40 25 50% 20-30 mm 0.0029  0.0003 -0.0026 
97 CONTROL 1 0 15 50% 0-10 mm 0.0000  0.0005 0.0005 
98 CONTROL 1 0 15 50% 10-20 mm 0.0000  0.0004 0.0004 
99 CONTROL 1 0 15 50% 20-30 mm 0.0000  0.0002 0.0002 
103 CONTROL 2 0 25 50% 0-10 mm 0.0000  0.0005 0.0005 
104 CONTROL 2 0 25 50% 10-20 mm 0.0000  0.0001 0.0001 
105 CONTROL 2 0 25 50% 20-30 mm 0.0000  0.00009 0.0001 
Table 4-4  demonstrates the continuous reduction in some of the chloride values 
when the 104-week testing is compared to the 52-week testing. As explained 
earlier, when the proportions of each segment’s negative variance are shown in 
Table 4-5; the hypothesis that the lower segments that underwent a secondary 
level of cutting are likely to show lowered chloride concentration values is 
supported. Given the results of the 104-week testing, there was higher 
importance placed on the accuracy of the final testing of the chloride content, and 
as such, the samples were sent to a NATA accredited laboratory for testing.  
Table 4-5 Distribution of Positive variance 
Segment Variance > 0 
0-10mm 39% 
10-20mm 28% 
20-30mm 28% 
Table 4-5 shows very little consistent positive variance over the 52-week 
exposure period from the testing taken at 52 weeks and at 104 weeks. As such, 
these results are mentioned only for reference within this thesis and will be 
disregarded in the final discussion as provide a misleading representation of the 
continued exposure to the chloride environments.  The inconsistency of the 104-
week results drove the necessity for the final three-year chloride concentration 
results to be analysed by an accredited NATA authority in lieu of the Chinese 
Research Counterpart.  
4.4.3. Results at 156 weeks 
The results that were attained a NATA accredited laboratory in the UK and were 
tested in accordance with BS 1881: Part 124: 2015 as noted within the 
methodology section of this document. The chloride profiles are shown in Table 
4-5and Table 4-6. The concrete of lower strength (HPLS) showed a noticeably 
higher rate of ingress than the LPHS concrete.  
The results from three years of testing are arranged in two separate components. 
Firstly, an analysis is conducted on the results of the HPLS concrete as these 
samples have undergone more significant change in chloride values – more 
importantly at the cover depth. Once the trends are identified in these samples, 
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an analysis is conducted on the LPHS samples which more closely represent the 
properties of concrete being used in Australian Seaports.  
 
Figure 4-7 LPHS 156w 15-degree environment @ 50%RH 
 
 
Figure 4-8 LPHS 156w 25-degree environment @ 50%RH 
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1. As the saline level increases [LPHS1 = 10ppt, LPHS2 = 20ppt…] within 
the surrounding environment, there is consistent increase in the chloride 
ion concentrations recorded in the concrete. This is quantified in Table 4-6 
when a similar concrete type is compared against the varying saline 
solutions.  
2. The colder climate does show a slightly increased rate of chloride ingress. 
This is supportive of the results discussed from Table 4-14. 
3. There are always higher concentrations of chloride at the surface 
segments of the samples. This supports discussion on the benefits of 
longer periods of testing procedures to allow a clear and controlled 
timeline for ions to enter into the concrete pore matrix.  Further 
discussion on the influence of salinity variance is presented in Figure 4-9. 
Table 4-6 HPLS Chloride Content Results at 152 Weeks 
Sample # Concrete Depth Av. Depth Salinity (ppt) Temperature 
Chloride 
Content (% 
mass 
concrete) 
1 LPHS1a 0-5mm 2.5 10 15 ° 1.064 
2 LPHS1a 8-12mm 10 10 15 ° 0.1864 
3 LPHS1a 15-19mm 17 10 15 ° 0.135 
14 LPHS1a 22-26mm 24 10 15 ° 0.1556 
15 LPHS1a 29-35mm 32 10 15 ° 0.1351 
16 HPLS1a 0-5mm 2.5 10 15 ° 1.2463 
17 HPLS1a 8-12mm 10 10 15 ° 1.256 
18 HPLS1a 15-19mm 17 10 15 ° 0.9067 
19 HPLS1a 22-26mm 24 10 15 ° 0.8961 
20 HPLS1a 29-35mm 32 10 15 ° 0.9685 
31 LPHS2a 0-5mm 2.5 20 15 ° 1.5642 
32 LPHS2a 8-12mm 10 20 15 ° 0.2791 
33 LPHS2a 15-19mm 17 20 15 ° 0.1555 
34 LPHS2a 22-26mm 24 20 15 ° 0.2173 
35 LPHS2a 29-35mm 32 20 15 ° 0.2585 
36 HPLS2a 0-5mm 2.5 20 15 ° 1.7294 
37 HPLS2a 8-12mm 10 20 15 ° 1.3593 
38 HPLS2a 15-19mm 17 20 15 ° 1.2565 
39 HPLS2a 22-26mm 24 20 15 ° 0.7526 
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Sample # Concrete Depth Av. Depth Salinity (ppt) Temperature 
Chloride 
Content (% 
mass 
concrete) 
40 HPLS2a 29-35mm 32 20 15 ° 0.6406 
51 LPHS3a 0-5mm 2.5 30 15 ° 1.9048 
52 LPHS3a 8-12mm 10 30 15 ° 0.2584 
53 LPHS3a 15-19mm 17 30 15 ° 0.2379 
54 LPHS3a 22-26mm 24 30 15 ° 0.1968 
55 LPHS3a 29-35mm 32 30 15 ° 0.135 
56 HPLS3a 0-5mm 2.5 30 15 ° 2.0501 
57 HPLS3a 8-12mm 10 30 15 ° 1.8393 
58 HPLS3a 15-19mm 17 30 15 ° 1.7152 
59 HPLS3a 22-26mm 24 30 15 ° 1.5142 
60 HPLS3a 29-35mm 32 30 15 ° 0.7524 
71 LPHS4a 0-5mm 2.5 40 15 ° 1.9889 
72 LPHS4a 8-12mm 10 40 15 ° 0.3305 
73 LPHS4a 15-19mm 17 40 15 ° 0.1717 
74 LPHS4a 22-26mm 24 40 15 ° 0.3202 
75 LPHS4a 29-35mm 32 40 15 ° 0.2585 
76 HPLS4a 0-5mm 2.5 40 15 ° 2.6974 
77 HPLS4a 8-12mm 10 40 15 ° 2.1922 
78 HPLS4a 15-19mm 17 40 15 ° 1.9038 
79 HPLS4a 22-26mm 24 40 15 ° 1.4421 
80 HPLS4a 29-35mm 32 40 15 ° 1.2561 
91 LPHS5a 0-5mm 2.5 10 25 ° 0.7922 
92 LPHS5a 8-12mm 10 10 25 ° 0.2893 
93 LPHS5a 15-19mm 17 10 25 ° 0.3306 
94 LPHS5a 22-26mm 24 10 25 ° 0.3129 
95 LPHS5a 29-35mm 32 10 25 ° 0.3716 
96 HPLS5a 0-5mm 2.5 10 25 ° 1.0606 
97 HPLS5a 8-12mm 10 10 25 ° 0.8136 
98 HPLS5a 15-19mm 17 10 25 ° 0.6806 
99 HPLS5a 22-26mm 24 10 25 ° 0.5054 
100 HPLS5a 29-35mm 32 10 25 ° 0.3921 
111 LPHS6a 0-5mm 2.5 20 25 ° 1.2566 
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Sample # Concrete Depth Av. Depth Salinity (ppt) Temperature 
Chloride 
Content (% 
mass 
concrete) 
112 LPHS6a 8-12mm 10 20 25 ° 0.2586 
113 LPHS6a 15-19mm 17 20 25 ° 0.4233 
114 LPHS6a 22-26mm 24 20 25 ° 0.2481 
115 LPHS6a 29-35mm 32 20 25 ° 0.2379 
116 HPLS6a 0-5mm 2.5 20 25 ° 1.3907 
117 HPLS6a 8-12mm 10 20 25 ° 1.0922 
118 HPLS6a 15-19mm 17 20 25 ° 0.9167 
119 HPLS6a 22-26mm 24 20 25 ° 0.6704 
120 HPLS6a 29-35mm 32 20 25 ° 0.6493 
131 LPHS7a 0-5mm 2.5 30 25 ° 1.6773 
132 LPHS7a 8-12mm 10 30 25 ° 0.3717 
133 LPHS7a 15-19mm 17 30 25 ° 0.2574 
134 LPHS7a 22-26mm 24 30 25 ° 0.1865 
135 LPHS7a 29-35mm 32 30 25 ° 0.2408 
136 HPLS7a 0-5mm 2.5 30 25 ° 2.5945 
137 HPLS7a 8-12mm 10 30 25 ° 2.3368 
138 HPLS7a 15-19mm 17 30 25 ° 2.1628 
139 HPLS7a 22-26mm 24 30 25 ° 1.6785 
140 HPLS7a 29-35mm 32 30 25 ° 1.6477 
151 LPHS8a 0-5mm 2.5 40 25 ° 1.8464 
152 LPHS8a 8-12mm 10 40 25 ° 0.4129 
153 LPHS8a 15-19mm 17 40 25 ° 0.4129 
154 LPHS8a 22-26mm 24 40 25 ° 0.3307 
155 LPHS8a 29-35mm 32 40 25 ° 0.3717 
156 HPLS8a 0-5mm 2.5 40 25 ° 2.0379 
157 HPLS8a 8-12mm 10 40 25 ° 1.699 
158 HPLS8a 15-19mm 17 40 25 ° 1.2881 
159 HPLS8a 22-26mm 24 40 25 ° 1.3594 
160 HPLS8a 29-35mm 32 40 25 ° 1.0608 
166 Control  1a 0-5mm 2.5 0 15 ° 0.4541 
167 Control  1a 8-12mm 10 0 15 ° 0.3513 
168 Control  1a 15-19mm 17 0 15 ° 0.2379 
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Sample # Concrete Depth Av. Depth Salinity (ppt) Temperature 
Chloride 
Content (% 
mass 
concrete) 
169 Control  1a 22-26mm 24 0 15 ° 0.2379 
170 Control  1a 29-35mm 32 0 15 ° 0.3202 
176 Control  2a 0-5mm 2.5 0 25 ° 0.351 
177 Control  2a 8-12mm 10 0 25 ° 0.3203 
178 Control  2a 15-19mm 17 0 25 ° 0.2892 
179 Control  2a 22-26mm 24 0 25 ° 0.2586 
180 Control  2a 29-35mm 32 0 25 ° 0.2584 
The notable observations from the testing of the two chambers are discussed in 
the following sections. 
4.4.4. Impact of saline environment 
The saline environment impacted on what appeared to be a consistent trend on 
the recorded chloride content of the concrete. This shows the defining influence 
that a more chloride environment will have on the concrete sample. The influence 
of the salinity is shown in Table 4-7 which notes a positive change in around 75% 
of cases.  
Table 4-7 56w 15-degree variance based on salinity 
LPHS 156w 15-degree variance based on salinity 
  0-
5mm 
% 
Change 
8-
12mm 
% 
Change 
15-
19mm 
% 
Change 
22-
26mm 
% 
Change 
29-
35mm 
% 
Change 
10ppt 1.064   0.1864   0.135   0.1556   0.1351   
    147%   150%   115%   140%   191% 
20ppt 1.5642   0.2791   0.1555   0.2173   0.2585   
    122%   93%   153%   91%   52% 
30ppt 1.9048   0.2584   0.2379   0.1968   0.135   
    104%   128%   72%   163%   191% 
40ppt 1.9889   0.3305   0.1717   0.3202   0.2585   
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Figure 4-9 156w 15 degree variance based on salinity 
Figure 4-9 again reinforces the almost linear relationship that was proved 
between the increase in environmental salinity and the resultant chloride 
concentration level within the concrete. Figure 4-10 which is a lower grade of 
cement illustrates an even stronger relationship as the influence from external 
factors is shown to a much greater depth.  
Table 4-8 HPLS 156w 15 degree variance based on salinity 
HPLS 156w 15 degree variance based on salinity 
  0-
5mm 
% 
Change 
8-
12mm 
% 
Change 
15-
19mm 
% 
Change 
22-
26mm 
% 
Change 
29-
35mm 
% 
Change 
10ppt 1.2463   1.256   0.9067   0.8961   0.9685   
    139%   108%   139%   84%   66% 
20ppt 1.7294   1.3593   1.2565   0.7526   0.6406   
    119%   135%   137%   201%   117% 
30ppt 2.0501   1.8393   1.7152   1.5142   0.7524   
    132%   119%   111%   95%   167% 
0ppt 1.2463   1.256   0.9067   0.8961   0.9685   
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Figure 4-10 Impact of Salinity Variance HPLS 156w 15 degrees 
A noticeable positive influence from an increase in salinity was also seen within 
the samples exposed to the 25 degree environment.  The variability in the degree 
of influence is determined by the depth of the sample that is under analysis. The 
expectation of higher chloride levels was always an expectation through the 
testing, however these results reinforce the importance of utilising maximum 
cover distance on the reinforcement to minimise the chances that the steel is in 
the vicinity of these shallower depths of concrete. 
There is a significant influence of the concrete mix design between the high 
strength and low strength concretes which is demonstrated between Figure 4-9 
and Figure 4-10. The HPLS demonstrates an almost linear relationship between 
the salinity concentration and the chloride content, however the LPHS concrete 
illustrates strong environmental salinity influence only for the surface depths of 
samples (0-5mm). This again strengthens the importance of correct concrete mix 
design for the specific application.  
  
0.00
0.50
1.00
1.50
2.00
2.50
3.00
0 10 20 30 40 50
C
h
lo
ri
d
e
 C
o
n
te
n
t 
(%
 m
a
s
s
 c
e
m
e
n
t)
Salinity Concentration (ppt)
Impact of Salinity Variance 
HPLS 156w 15 degrees
0-5mm 8-12mm 15-19mm 22-26mm 29-35mm
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 163 
Table 4-9 156w 25 degree variance based on salinity 
LPHS 156w 25 degree variance based on salinity 
  0-
5mm 
% 
Change 
8-
12mm 
% 
Change 
15-
19mm 
% 
Change 
22-
26mm 
% 
Change 
29-
35mm 
% 
Change 
10 0.7922   0.2893   0.3306   0.3129   0.3716   
    159%   89%   128%   79%   64% 
20 1.2566   0.2586   0.4233   0.2481   0.2379   
    133%   144%   61%   75%   101% 
30 1.6773   0.3717   0.2574   0.1865   0.2408   
    110%   111%   160%   177%   154% 
40 1.8464   0.4129   0.4129   0.3307   0.3717   
 
 
Figure 4-11 LPHS 156w 25 degree variance based on salinity 
 
Table 4-10 HPLS 156w 25 degree variance based on salinity 
HPLS 156w 25 degree variance based on salinity 
  0-
5mm 
% 
Change 
8-
12mm 
% 
Change 
15-
19mm 
% 
Change 
22-
26mm 
% 
Change 
29-
35mm 
% 
Change 
10ppt 1.0606   0.8136   0.6806   0.5054   0.3921   
    131%   134%   135%   133%   166% 
20ppt 1.3907   1.0922   0.9167   0.6704   0.6493   
    187%   214%   236%   250%   254% 
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HPLS 156w 25 degree variance based on salinity 
  0-
5mm 
% 
Change 
8-
12mm 
% 
Change 
15-
19mm 
% 
Change 
22-
26mm 
% 
Change 
29-
35mm 
% 
Change 
30ppt 2.5945   2.3368   2.1628   1.6785   1.6477   
    117%   115%   106%   81%   64% 
40ppt 3.0379   2.699   2.2881   1.3594   1.0608   
 
 
Figure 4-12  Impact of Salinity Variance HPLS 156w 25 degrees 
An analysis was undertaken on the influence that the incremental salinity 
increase would have on the different depths of concrete over the three-year 
period. As expected, the high strength mix results show that there is a 
significantly higher influence at the shallower depths (0-5mm) of the concrete. 
The results within Figure 4-11 and Figure 4-12 show that this is more than ten-
fold the impact at greater depths.  
Of more notable influence again is the very close relationship between salinity 
variance and chloride content within the HPLS mix. There is some notable 
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is still strong within all other depths as shown in Figure 4-12 which validates the 
importance of this research and provides a response to the gaps in knowledge of 
concise reporting of the influence of environmental salinity.  
Table 4-11 LPHS 156w variance on chloride content based on salinity 
LPHS 156w variance on chloride content based on salinity 
  Influence Type 0-5mm 8-12mm 15-
19mm 
22-
26mm 
29-
35mm 
HPLS 
156w 15 
degree  
Overall salinity 
influence 
0.9249 0.1441 0.0367 0.1646 0.1234 
Incremental salinity 
influence (per ppt)  
0.03083 0.004803 0.001223 0.005487 0.004113 
HPLS 
156w 25 
degree  
Overall salinity 
influence 
1.0542 0.1236 0.0823 0.0178 1E-04 
Incremental salinity 
influence (per ppt)  
0.03514 0.00412 0.002743 0.000593 3.33E-06 
 
The important indication that this table presents is the incremental change that 
a 1ppt change will have on the chloride content at the particular depth.  
Table 4-12 HPLS 156w variance on chloride content based on salinity 
HPLS 156w variance on chloride content based on salinity 
  Influence Type 0-5mm 8-12mm 15-
19mm 
22-26mm 29-
35mm 
HPLS 
156w 
15 
degree 
Overall salinity 
influence 
1.4511 0.9362 0.9971 0.546 0.2876 
Incremental salinity 
influence (per ppt)  
0.04837 0.03121 0.03324 0.0182 0.00959 
HPLS 
156w 
25 
degree 
Overall salinity 
influence 
1.9773 1.8854 1.6075 0.854 0.6687 
Incremental salinity 
influence (per ppt)  
0.06591 0.06285 0.05358 0.02847 0.02229 
 
These values are used later in the numerical modelling section to validate where 
an increase in the sea surface salinity (SSS) of an in-situ structure will impact 
the chloride content at the cover depth.  
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4.4.5. Impact of the temperature of the simulated 
environment 
As defined in the research methodology, the two temperatures were outlined to 
be able to distinguish how the rate of chloride ingress would be impacted by 
future climate variability.  
The results show that the 15-degree environment provided a higher rate of 
chloride ingress within the first 0-5mm segment; however overall, the hotter 
simulated environment (25 ° C) exhibited a higher ingress value as an overall 
assessment of all depths as shown in Table 4-13. 
Table 4-13 Influence of temperature on chloride ingress 
Influence of temperature on chloride ingress - LPHS 
    0-5mm 8-12mm 15-19mm 22-26mm 29-35mm 
LPHS 
10ppt 
15 ° C 1.064 0.1864 0.135 0.1556 0.1351 
25 ° C 0.7922 0.2893 0.3306 0.3129 0.3716 
LPHS 
20ppt 
15 ° C 1.5642 0.2791 0.1555 0.2173 0.2585 
25 ° C 1.2566 0.2586 0.4233 0.2481 0.2379 
LPHS 
30ppt 
15 ° C 1.9048 0.2584 0.2379 0.1968 0.135 
25 ° C 1.6773 0.3717 0.2574 0.1865 0.2408 
LPHS 
40ppt 
15 ° C 1.9889 0.3305 0.1717 0.3202 0.2585 
25 ° C 1.8464 0.4129 0.4129 0.3307 0.3717 
 
Table 4-14 Influence of temperature on chloride ingress - HPLS 
Influence of temperature on chloride ingress - HPLS 
    0-5mm 8-12mm 15-19mm 22-26mm 29-35mm 
HPLS 
10ppt 
15 ° C 1.2463 1.256 0.9067 0.8961 0.9685 
25 ° C 1.0606 0.8136 0.6806 0.5054 0.3921 
HPLS 
20ppt 
15 ° C 1.7294 1.3593 1.2565 0.7526 0.6406 
25 ° C 1.3907 1.0922 0.9167 0.6704 0.6493 
HPLS 
30ppt 
15 ° C 2.0501 1.8393 1.7152 1.5142 0.7524 
25 ° C 2.5945 2.3368 2.1628 1.6785 1.6477 
HPLS 
40ppt 
15 ° C 2.6974 2.1922 1.9038 1.4421 1.2561 
25 ° C 3.0379 2.699 2.2881 1.3594 1.0608 
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A further analysis was conducted on the influence of temperature by 
extrapolating the above values and analysing the incremental influence of a 
single degree of temperature shift on the chloride content at various depths.  
Table 4-15 Incremental Influence of temperature on chloride ingress - LPHS 
Incremental Influence of temperature on chloride ingress - LPHS 
  0-5mm 8-12mm 15-19mm 22-26mm 29-35mm 
15 ° C 6.5219 1.0544 0.7001 0.8899 0.7871 
25 ° C 5.5725 1.3325 1.4242 1.0782 1.222 
Difference -0.9494 0.2781 0.7241 0.1883 0.4349 
Incremental ° C 
influence 
-0.09494 0.02781 0.07241 0.01883 0.04349 
 
Table 4-16 Incremental Influence of temperature on chloride ingress - HPLS 
Incremental Influence of temperature on chloride ingress - HPLS 
  0-5mm 8-12mm 15-19mm 22-26mm 29-35mm 
15 ° C 7.7232 6.6468 5.7822 4.605 3.6176 
25 ° C 8.0837 6.9416 6.0482 4.2137 3.7499 
Difference 0.3605 0.2948 0.266 -0.3913 0.1323 
Incremental ° C 
influence 
0.03605 0.02948 0.0266 -0.03913 0.01323 
 
These incremental values can then be used within the numerical modelling 
section of this research to be used when analysing a lower grade of concrete. The 
values that have been derived are presented for both the LPHS (Table 4-15) and 
the HPLS concrete (Table 4-16). The numerical modelling utilises a threshold 
whereby characteristics of the concrete that are input into the model will 
characterise the concrete as either a high grade or normal grade, in which case 
the respective temperature influence values are used. 
There is also consistent incremental variance of chloride content with respect to 
temperature change between the grades of concrete which validates the 
consistency and accuracy of the experimentation procedure. The results indicate 
a significantly higher cumulative chloride ingress value on the standard grade 
over the high performance grade. However, the influence of the temperature 
remains proportional to the two temperature ranges set within the simulated 
environments. This provides an incremental difference in every case to be less 
that one factor of a single degree increases in surrounding temperature.  
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Figure 4-13 LPHS 10ppt Influence of Temperature Figure 4-14 LPHS 20ppt Influence of Temperature 
  
Figure 4-15  LPHS 30ppt Influence of Temperature Figure 4-16  LPHS 40ppt Influence of Temperature 
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Figure 4-17  HPLS 10ppt Influence of Temperature Figure 4-18  HPLS  20ppt Influence of Temperature 
  
Figure 4-19 HPLS 30ppt Influence of Temperature Figure 4-20 HPLS 40ppt Influence of Temperature 
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 The above graphical illustration demonstrates the higher influence that the 
surrounding conditions will have on a concrete asset which must be included 
when modelling chloride ingress. There is an obvious larger variation in the 
chloride content levels under the influence of the temperature within the lower 
grade of concrete which is supportive of the results presented in Figure 4-20. A 
more in-depth discussion is formed around the HPLS concrete given the higher 
movement of chloride ions through the pore matrix which is proven [through the 
x-ray tomography chapter] to show a higher pore void volume.  As there are a 
higher proportion of free chloride ions within the surrounding environment, the 
increased wetting and drying cycle time will inevitably move a higher 
concentration of ions. Conversely, a lower rate of wetting and drying cycle 
through a colder temperature will not have opportunity to move a lower 
concentration of ions. As such, the environments with lower saline concentration 
will not express the same dependency of the surrounding temperature as these 
environments are comparatively diluted resulting in movement of more water 
molecules through the pore matrix in lieu of the chloride ions.  
4.5. Fly ash content variation experimentation 
procedure. 
The literature review made several references to the mitigation techniques used 
on concrete mix designs to assist with reducing the pore connectivity and 
accessibility for chlorides and other impurities to ingress into the pore matrix. 
One such measure that has been proposed by literature has been the inclusion of 
the pozzolanic admixtures. Much of the focus of such research in this area 
pertains to maintaining flexural strength while substituting the cement content 
within the mix which significantly reduces the environmental impacts on the 
production of concrete.  
There are notable limitations on this research whereby the various fly ash 
contents have not been exposed to changing chloride conditions. To assist in 
filling this gap in research, experiments were also setup to assess how this 
variation in FA content would change the impenetrability of the concrete.  
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The experiments were conducted in a controlled environment with accurate 
monitoring of concrete mix ingredients.  
4.5.1. Fly ash concrete mix design 
A specific mix design and strict mixing and curing procedures were maintained 
between the Australian laboratory procedures and those established with the 
Chinese Research Counterpart. The essence of these tests was to understand 
whether a variance in the concrete mix ingredient sources would impact on the 
rate of the ingress of chlorides. The research counterpart followed the Australian 
Port Mix Design as closely as possible to promote comparison and discussion of 
results. At the same time, there was also consideration given to the availability 
and applicability of this testing to be mutually beneficial to both institutions. Any 
minor variation in concrete mix design was due to constraints within availability. 
As such, four concrete mixes were used in this experiment with mix design as 
follows: 
Table 4-17 NCUWREP Concrete Mix Design 
No. w/c Fly ash/kg Cement/kg Water/kg Gravel/kg Sand/kg 
FA0 0.35 0%=0 5.660 1.980 13.872 7.464 
FA0.1 10%=0.566 5.094 1.980 13.872 7.464 
FA0.2 20%=1.132 4.528 1.980 13.872 7.464 
FA0.3 30%=1.698 3.962 1.980 13.872 7.464 
Despite any variance in the material make-up, all testing was conducted to the 
same methodologies imposed on the primary testing procedures. As such, 
compressive strength testing was carried out on these samples in accordance 
with AS1012.9: 2014: Methods of testing concrete. The results are comparative to 
those achieved within the Australian test procedure and are shown in Table 4-18. 
Table 4-18 Compressive Strength Results from FA Mix Designs 
No. Compressive Strength (MPa) 
FA0 42.6 
FA0.1 43.0 
FA0.2 36.8 
FA0.3 33.7 
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4.5.2. Simulated environmental conditions of fly ash samples  
In addition to the concrete variability, there has been additional parameters 
added to the testing procedure that slightly varied the environmental conditions 
– most importantly was the variance in the spray of the saline solution which 
demonstrated how exposure to a splash zone would vary from a sample that was 
exposed to static water without the continuous wetting and drying cycles. The 
impacts of these wetting cycles were discussed earlier within the literature 
review section. The concentration of the saline solution was 10ppt to match the 
concentration of the Australian-based studies for discussion. The research 
undertaken by Weng (2010)supported this as concentration gradients of salinity; 
both geological formations or industrial sediment would range between 8ppt and 
14ppt in the dryer seasons through the Yellow River in the Henan Provence of 
China.  
Further agreement was reached on exploring a more quantifiable method of 
detailing the impacts of splash zones when compared to submerged zones. To 
simulate the conditions in China, three exposure environments were selected: 
• Flow Wet: The specimens were left immersed within a solution with forced 
turbidity of 1.2m/s. This simulates a seawall environment with continuous 
water movement around the pile.  
• Flow Dry: The specimens were left immersed within a solution with forced 
turbidity of 1.2m/s and were removed for a 2 hour period each day to simulate 
the tidal zone of the pile in the low tides being dray, and the higher tides being 
submerged in tidal waters.  
• Static Water: The specimens are immersed in a static solution that is 
provided to simulate the submerged zone of the concrete asset.  
All three regimes operated at a mean temperature of 20 degrees Celsius at 30% 
RH and the results are shown within Table 4-19 and Table 4-20. 
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4.5.3. Results of Fly Ash Flow Dry Simulated Exposure 
Samples. 
Table 4-19 Flow Dry Cycle Results 
Flow Dry  Cycle 
  FA0 FA0.1 FA0.2  FA0.3  
  depth C(x,t) depth C(x,t) depth C(x,t) depth C(x,t) 
30d 1 0.1984  1.17 0.1883  1.05 0.1791  1.07 0.1690  
4.2 0.1662  4.55 0.1577  4.3 0.1461  4.36 0.1377  
8.9 0.0066  9.21 0.0061  9.01 0.0066  9.1 0.0061  
                
                  
60d 0.99 0.5926  1.07 0.5689  1.07 0.5392  1.09 0.5275  
4.375 0.2053  4.44 0.1943  4.33 0.1799  4.39 0.1829  
9.22 0.0069  9.29 0.0066  9.07 0.0072  9.16 0.0066  
                
90d 1 1.0092  0.99 0.9690  0.99 0.9192  0.99 0.8786  
4.22 0.5629  4.18 0.5360  4.17 0.5086  4.19 0.4803  
8.94 0.1077  8.89 0.1045  8.88 0.0998  8.92 0.0943  
14.57 0.0217  14.59 0.0210  14.58 0.0207  14.65 0.0195  
120d 1.09 1.5177  1 1.4674  1 1.3166  1 1.1471  
4.28 0.7179  4.23 0.6530  4.235 0.5685  4.2 0.5191  
8.93 0.2191  8.96 0.1998  8.99 0.1727  8.91 0.1294  
14.58 0.0813  14.69 0.0616  14.725 0.0484  14.62 0.0301  
150d 1.01 1.6401 1 1.5764 0.99 1.4754 1.02 1.3505 
4.215 0.7298 4.2 0.693 4.21 0.6785 4.235 0.5796 
8.91 0.2484 8.91 0.2096 8.94 0.1903 8.93 0.1404 
14.625 0.087 14.63 0.0816 14.67 0.0492 14.615 0.0412 
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Figure 4-21 Flow Dry Cycle at 30 days Figure 4-22 Flow Dry Cycle at 60 days 
  
  
Figure 4-23 Flow Dry Cycle at 90 days Figure 4-24 Flow Dry Cycle at 120 days 
  
  
Figure 4-25 Flow Dry Cycle at 150 days  
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4.5.4. Results of Fly Ash Flow Wet Simulated Exposure 
Samples. 
 
Table 4-20 Results of Fly Ash Flow Wet Simulated Exposure Samples. 
Flow Wet Cycle 
  FA0 FA0.1 FA0.2 FA0.3 
  depth C(x,t) depth C(x,t) depth C(x,t) depth C(x,t) 
30 Days 1 0.1036  1.06 0.0983  1.04 0.0939  1.06 0.0885  
4.2 0.0081  4.325 0.0076  4.29 0.0079  4.35 0.0073  
8.9 0.0000  9.04 0.0000  9 0.0005  9.1 0.0003  
        14.7 0.0000  14.83 0.0000  
                  
60 Days 1.05 0.4543  1.01 0.4418  1.06 0.4213  1.04 0.4046  
4.42 0.1710  4.195 0.1654  4.34 0.1574  4.305 0.1384  
9.34 0.0000  8.86 0.0038  9.16 0.0034  9.02 0.0016  
    14.525 0.0000  14.91 0.0000  14.725 0.0000  
                  
90 Days 1 0.4651  1.02 0.4412  1 0.4186  1 0.4052  
4.19 0.3057  4.22 0.2866  4.215 0.2720  4.21 0.2565  
8.97 0.0500  8.9 0.0486  8.91 0.0468  8.94 0.0441  
14.7 0.0171  14.59 0.0166  14.595 0.0165  14.68 0.0154  
                  
120 Days 1.06 1.3652  1.02 1.2663  0.99 1.1781  1 1.0170  
4.345 0.6896  4.115 0.5538  4.185 0.4184  3.945 0.3682  
9.12 0.1813  8.69 0.1680  8.84 0.1548  8.39 0.1180  
14.895 0.0666  14.285 0.0583  14.485 0.0380  13.835 0.0361  
                  
150 Days 1 1.4864 1.01 1.3088 0.99 1.298 1 1.1016 
4.21 0.6678 4.22 0.585 4.175 0.5193 4.22 0.4381 
8.92 0.1903 8.93 0.1774 8.88 0.1593 8.94 0.131 
14.62 0.074 14.64 0.0594 14.595 0.053 14.65 0.0478 
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Figure 4-26 Flow Wet Cycle at 30 days Figure 4-27 Flow Wet Cycle at 60 days 
  
  
Figure 4-28 Flow Wet Cycle at 90 days Figure 4-29 Flow Wet Cycle at 120 days 
  
  
Figure 4-30 Flow Wet Cycle at 150 days  
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4.5.5. Observed impacts of chloride exposure types 
The following graphs show how the FA0 concrete responded at different depths to 
the various chloride environments – flow wet/flow dry/ and static.  This is 
summarised in Table 4-21. 
Table 4-21 Comparison of Chloride Environment - FA0 
  30d 60d 90d 120d 150d 
  depth C(x,t) depth C(x,t) depth C(x,t) depth C(x,t)  depth  location/ 
mm 
static 
water 
1 0.1909 1.08 0.5162 1.08 0.5162 0.95 0.815
1 
0.99 1.5805 
4.2 0.0937 4.33 0.3446 4.33 0.3446 4.095 0.638
5 
4.18 0.9417 
8.9 0.0024 9 0.0041 9 0.0041 8.79 0.096
4 
8.88 0.4668 
            14.435 0.012 14.59 0.1183 
           
flow 
dry 
water 
1 0.1984  0.99 0.5926  1 1.0092  1.09 1.517
7  
1.01 1.6401 
4.2 0.1662  4.375 0.2053  4.22 0.5629  4.28 0.717
9  
4.215 0.7298 
8.9 0.0066  9.22 0.0069  8.94 0.1077  8.93 0.219
1  
8.91 0.2484 
        14.57 0.0217  14.58 0.081
3  
14.625 0.087 
           
flow 
wet 
water 
1 0.1036 1.05 0.4543 1.05 0.4543 1 0.465
1 
1 1.4864 
4.2 0.0081 4.42 0.171 4.42 0.171 4.19 0.305
7 
4.21 0.6678 
8.9   9.34 0 9.34 0 8.97 0.05 8.92 0.1903 
            14.7 0.017
1 
14.62 0.074 
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Figure 4-31 Chloride content at 1mm Figure 4-32 Chloride content at 4.2mm 
  
 
 
Figure 4-33 Chloride content at 9mm  
 
The results from the testing show an almost linear trend through the test period 
[Refer Figure 4-21]. There is consistent evidence to support the notion that the 
fly ash additive is beneficial to the resistance of chloride ingress into the 
concrete. 
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In almost every case, the concrete mixes that possess higher fly ash content show 
a lower chloride content with typically the largest distortion of performance being 
between the 20 and 30% FA increments. 
Of equal importance, the impact of the chloride environment shows that there is 
consistently higher ingress of chlorides when the concrete is subjected to 
continuous wetting and drying cycles. Although this is supported by current 
literature, as well the degree of change between these environments is noticeably 
evident through these experiments.  
This variance in results as shown in Table 4-21 is explained by the various 
transport mechanisms that are used through the concrete. For example, the tidal 
zone; in this case simulated by the flow wet samples show evidence of capillary 
suction as the active mechanism, whereas the static flow samples which support 
the use of absorption and permeability which is experienced by the areas of the 
concrete asset that are constantly submerged. The flow dry zone emulates the 
splash zone with the constant wetting and drying cycles. This also exhibits 
capillary suction as well as diffusion which is a method of transport that is 
present in each one of these areas.    
These results contribute to wider research as they provide a benchmark for mix 
designs of concrete that are typically seen in construction within Chinese and 
Australian Ports and a detailed analysis on how the various FA contents will 
vary the degrees of chloride ingress. The contribution to knowledge within this 
experimental data is the reinforcement of the most critical exposure criterions for 
an exposed asset. 
4.6. Modelling of results 
4.6.1. Results from regression analysis and sum of least 
squares 
Throughout the testing procedure, the inconsistencies within the results of this 
testing must be recognised and much of them can be attributed to the fact that 
diffusion is not the only mechanism involved in the transport of chlorides. As a 
result of the constant wetting-drying cycles, it is appropriate to assume that 
frequent capillary suction took place during the experimental period, and would 
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not have been allowed for in the calculations using Fick’s 2nd law. As a result, the 
diffusion coefficients taken from samples closer to the submerged zone are likely 
to yield more accurate results due to the absence of capillary suction.    
Once chloride results are obtained, a minimisation of the sum of least squares 
can be carried out to approximate both the surface chloride concentration and 
diffusion coefficient.  
The calculation of this research commences with inputting the year that the 
structure was built, which can then be deducted from the current year and a 
resultant age in years is given. This value is then multiplied into days and then 
seconds as the unit for the Diffusion coefficient is m2/s-1.  
Next, the average (effective depth) is used as x in the following equation: 
𝐶(𝑥, 𝑡) = 𝐶𝑠 ∗  1 − 𝑒𝑟𝑓
𝑥
2 𝑥 √𝐷𝑡
 
This is completed for each of the effective depths and a resultant sum of squares 
is calculated. As this occurs, there summation of all of these results needs to be 
minimised which is carried out by inserting various values as Cs and D and 
trying to get the sum of least squares to a minimum.  
Once the user is confident that a minimum has been reached by approximating 
the surface chloride concentrations and diffusion coefficients, the SOLVER 
function is used which takes the minimum value of the two peaks and 
subsequently solves – to a more precise surface chloride coefficient and diffusion 
coefficient.  
For the values shown in the above table, the use of the SOLVER function was 
conducted, of which the process is listed within APPENDIX B. 
Once there is agreement on the minimum values, a comparison is undertaken 
between the theoretical regression analysis values and the values that were 
measured in the concrete.  
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 181 
 
Figure 4-34 Chloride Content Comparison 
 
This graph shows very little correlation between the values calculated and the 
actual values recorded from the chloride testing. This is the result of the short 
time span which the measured chloride values have been taken from in 
comparison to the calculated chloride.  This is important to recognise that the 
traditional methods of calculation of chloride movement do not account for the 
initial spike of chloride ingress from the external environment at the 
commencement of exposure.  
This once again strengthens the justification of further work in the field of 
chloride ingress research to increase the accuracy of these forecasts. The 
backbone of this research surrounds the improvement of accuracy of this 
equation and as such should be used more commonly within literature.  
In Figure 4-35, there is evidence that the accuracy of the chloride ingress 
forecasting holds closer correlation to that of the measure through the use of the 
numerical modelling techniques which are explored later in this research. The 
basis of calculation rationale behind these formulae is more clearly explored in 
the following chapters.  
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Figure 4-35 Chloride Content Comparison 
4.7. Summary  
The correlation presented above notes the importance of including environmental 
variables within the calculations of chloride ingress into concrete. This chapter 
has presented the results from three years of continuous testing in simulated 
experiments in addition to parallel experiments with the North China University 
of Water Resources and Electric Power. The results clearly outline the influence 
that the surrounding environment; most notably sea surface salinity and the 
temperature will have on the rate of chloride ingress.  
The comprehensive experimental program has produced multiple findings that 
contribute to filling some of the gaps of knowledge identified 
1. A controlled recording of salinity variance of exposed solutions as a result 
of concrete leaching has provided quantitative evidence of the importance 
of the symbiotic relationship between the concrete and the environment. 
This data can be used in environmental assessments of the impacts of 
curing concrete within environmentally sensitive areas.  
2. Some previous literature had argued that the concentration of free 
chlorides within the surrounding environment played no influence on the 
rate of chloride ingress into a material. Such literature supported this 
view from the simplistic mathematical numerical evidence of Fick’s 2nd 
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law which illustrates the constant migration of ions through a material. 
The results within this section noted consistently that there was almost a 
linear relationship between the concentration of environmental salinity 
and influencing chloride ingress.  
3. The aforementioned influence of the saline environment on the chloride 
ingress levels was most notable at shallower depths but was also present 
at 25-35mm depths. The degree of influence was most notable in the 
higher porosity concrete when compared with the high strength concrete. 
This supported the decision to include the higher porosity concrete to 
prove such relationships.    
4. The influence of environmental temperature on chloride levels at 
particular depths was variable. The concrete exposed to the lower saline 
concentrations showed greater ingress at the 15degree temperature, 
whereas the material exposed to higher concentrations exhibited higher 
ingress at the 25degree temperature. As noted earlier, the environments 
with lower saline concentration will not express the same dependency of 
the surrounding temperature as these environments are comparatively 
diluted resulting in movement of more water molecules through the pore 
matrix in lieu of the chloride ions. 
5. The investigation into the influence of fly ash as part of the mix design of 
concrete showed an almost linear improvement to the resistance to 
chlorides with each incremental increase of fly ash into the mix design. 
These results align with the other experimentation procedure noting the 
positive influence that pozzolanic admixtures have on the resistance of 
concrete to chloride ions.  
6. The variance in the results from the pozzolanic admixture testing 
supported the differences that the exposure condition would have on the 
rate of chloride ingress. This testing procedure demonstrated that the 
flow dry procedure being the one in which the specimen was removed 
from the tank and re-inserted after drying – to simulate a tidal zone, was 
the exposure type that convincingly showed the highest ingress when 
compared to the static flow and the flow wet procedures.  
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7. The numerical analysis through the use of the SOLVER function provided 
the basis of regression analysis on the improvement to Fick’s 2nd law to 
include the environmental factor which in this case provides a more 
accurate result in the prediction of chloride ingress levels within concrete. 
The calculations and incremental influences of these variables are to be used in 
the following chapter which overlays existing concrete deterioration models with 
climate change forecasts from the IPCC. The result is an end-to-end platform 
that can be used by seaport infrastructure stakeholders to more accurately 
simultaneously assess the probability of corrosion initiation in multiple assets. 
The certainty of the controlled environments provides reliable indication of the 
deleterious influences and the values attained from the experimentation 
procedure are used as multiple coefficients in the numerical modelling.   
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5 
CHAPTER FIVE: MICROSTRUCTURAL 
STUDIES 
5.1. Introduction 
This chapter presents the results of a comprehensive study conducted to 
understand the changes to concrete microstructure following chloride exposure. 
Two advanced techniques have been employed here. The process utilities X-rays 
to examine cross sections of physical objects which are then processed and can be 
used to create a 3D model.  The importance of x-ray tomography in concrete 
research has come about due to the realisation of the importance of 
understanding the effects of the inter-connectivity of the void matrix of concrete.  
This notion of inter-connected voids raises another important area of discussion 
pertaining to the pathways by which chlorides and other external agents can 
permeate through the concrete pore matrix. This effective pore network will often 
support a higher rate of transport with respect to time through concrete while 
also being linked to what barriers can be introduced to reduce or cease the 
movement through the concrete itself.  
Such synchrotron based imagery has been evident in literature for several 
decades in many heterogeneous materials. The notable difference with this form 
of imagery is the ability to produce three dimensional models at very high 
resolution. This also is beneficial at a molecular level whereby slices can be taken 
from the 3D image and reconstruction of the images provide detail of the degree 
of hydration of the cement, any porous slurry or paste regions, and also the 
variation of air voids within the sample including the connectivity of micro cracks 
within the samples.  
The microtomography achieves resolution down to 1-5 microns by combining an 
extremely bright microchromated radiation through the sample onto the 
projection screen which is processed at each binary image shot, and then 
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reconstructed to form one single file of thousands of iterations with each 
representing a particular angle of the sample.  
Once the binary files are arranged, there becomes a clear distinction between the 
intensity of various voxels. As these intensities are arranged and compared to 
one another they begin to form distinguishable clusters of troughs and peaks 
when graphed. This process allows the distinction of one type of material from 
another. Following this, thresholds can be applied and the varying densities can 
become distinguishable between void spaces and various densities of solid 
material. This can be seen in Figure 5-1 whereby area 1 represents the sulphate 
infused pores, area 2 shows a small air void, area 3 represents some un-hydrated 
cementitious paste, and area 4 offers a small piece of aggregate grain.  
 
 
Figure 5-1 7LPHS1 Representative reconstructed CT slice 
The segmentation is likely to incur some error given the fact that a single cubic 
micron within a single iteration is likely to involve both some solid and some void 
areas. As additional noise is added to this voxel over some time, there is a 
perception that this void area will be calculated as a solid and vice versa. Over a 
large sample size, it would be anticipated that this error would be minimised 
through a process of standardisation; however, the error can be addressed in its 
early stages through processing the data imaging software.  
The connectivity of the individual pore spaces is also critical to the overall 
imagery of the sample. Although each individual pore is individually assessed; it 
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is important that the algorithm will also associate any individual voxel noted as 
a void to be associated with neighbouring voxels that share its same traits. As 
this process of association continues with each iteration, the connectivity of the 
pore matrix becomes evident. This also means that when the volume is calculated 
by the number of interconnected voxels in one area which are combines to give 
the three dimensional representation of the void or particle. Likewise, the surface 
area of a particular element of the sample can be calculated by the unit voxel 
surface area multiplied by the number of interconnected voxels within this 
certain area.  
The reconstruction of images relies on there being an isotropic, or uniformity to 
the display of images so as to not restrict the conventional image axis. Within 
this method of topography, the software program will often construct its model 
based on a process of stacking the individual slices on top from one to the other.  
Once the radiographic images are compiled, they provide an image into the pore 
network connectivity – and therefore the chloride migration (as this study will 
relate the two) of the concrete (BP et al., 1987). The models; once produced result 
in volumetric images with spatial resolutions down to one micron. When 
analysing the attack of sulphates on concrete, such microtomography is suitable 
when high resolution imagery is used (Bentz DP et al., 1995).    
5.2. Pore connectivity 
Following the interpolation of the algorithms that bring together the various 
iterations of images, it is possible to undertake a connected component analysis 
where the network of seemingly isolated voids, actually becomes an 
interconnected void matrix.  
In this research project, the interconnectivity of the individual voids is a critical 
influencing point that cannot be ignored in the consideration of the physical and 
chemical properties of each sample. The use of the micro tomographic imaging 
provides a clear illustration of the pore connectivity within the concrete matrix 
and is discussed at the end of this chapter.  
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5.2.1. Preparing samples for tomography 
For preparation, a typical dry core (70mm) is taken from the exposure block with 
the outer surface clearly labelled for reference. The cored section is then sliced 
laterally into 9mm (10mm - 1mm for saw blade width) segments which represent 
the concrete at the depths (0-10mm, 10-20mm, and 20-30mm) from the 
weathering surface. These slices are then cored with an 8mm core drill for the 
microscopy review. The secondary cores are then cut to achieve a thickness that 
allows acceptable resolution and penetration of radiation to the receiver.  
Consideration must also be given on the selection and filing of certain pieces as 
some segments of the mix are likely to possess predominantly aggregate rather 
than cement mortar. Care is required to ensure that examined sample is mortar, 
as this will likely be of a path of less resistance for contaminants should be 
counted as the principle method of transport. 
The aggregate content within the broader concrete mixes has remained 
compliant with the specifications used for the concrete mix design. However, 
consideration must be given to the interfacial transition zone between the cement 
paste and the aggregate that cannot be accurately covered in sample sizes used 
in this experimentation. The pathway properties and rate of permeation through 
this zone would be expected to be different to the porosity and morphology of the 
cement paste.   
The concrete samples that were tested as part of the x-ray topographical research 
are shown in Table 5-1. 
Table 5-1 Samples used in 8keV X-ray tomography 
SMP# Concrete Salinity Temperature   Cover Depth 
2 HPLS1 10ppt 15 °C 10-20 mm 
7 LPHS1 10ppt 15 °C 0-10 mm 
8 LPHS1 10ppt 15 °C 10-20 mm 
43 LPHS4 40ppt 15 °C 0-10 mm 
91 HPLS8 40ppt 25 °C 0-10 mm 
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5.3.  X-ray imaging technology – Hardware used 
Following the preparation process, each sample was attached with adhesive to 
the rotation stage which is mounted at a specified focal point from both the 
radiation source and the detector.  Given the projection imaging nature, the 
location of this stage depends on the size of the sample and required resolution 
and is adjusted as appropriate 
The x-ray energy (in this case filtered Copper with peak energy at 8keV) beams 
through the sample to the Andos I-Kon CCD detector which receives the image 
(13 micron pixel size) prior to the stage rotating again. The exposure time was 
trialled prior to commencing the testing program and selected to be 30 seconds 
for each projection. With each rotation accounting for .72degrees, there becomes a 
total of 500 projections for the full rotation of the sample. The segmentation of 
each of these samples is shown in Figure 5-2 and Figure 5-3. 
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Figure 5-2 Segmentation Images 
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Figure 5-3 Segmentation Images 
 
5.4. Formulation of algorithm 
The aim is to quantify the size distribution of pores (voids) in the samples. An 
algorithm was devised to segment the reconstructed volume and label each pore 
depending on its size. To achieve this, there is prioritisation order that the 
algorithm must go through to ensure that the image analysis is accurate. As 
noted earlier, the voxel intensity is directly related to the density of the material 
and as such, thresholds must be set to allow distinguishability of each material.  
Figure 5-4 shows that the process begins by setting thresholds from the intensity 
histogram to delineate which voxel intensities will be classed as what material 
and separated from each other. Next, the 3D volume is segmented all at once 
which then undergoes dilation and erosion to remove small unconnected volume 
which is most likely caused by unwanted noise. Next, the pores are labelled 
based on their individual volume and finally, the histogram is created based on 
the distribution of the pores.  
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Figure 5-4 Formulation of algorithm 
 
5.4.1. Reliability of the algorithm 
To ensure reliability from the algorithm, a model was simulated with a number 
of pores with known size distribution. Figure 5-5 and Figure 5-6 show the model 
volume that has been used. The algorithm was applied to this model and the 
output has been compared the input distribution that was chosen. The 
comparison of the histograms is shown in Figure 5-9. The two distributions agree 
very well at all simulated length scales. Therefore, we assume the algorithm to 
perform reliably, when applied it to the experimental data. 
 
Figure 5-5 Calculated hypothetical projection of the model volume above in an imaging setup. Red 
corresponds to ‘high intensity’. 
 
Segment the 3D volume 
Conventional binary morphological operation 
Labeling of pores 
Create histogram of volume distribution 
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Figure 5-6 3D rendering of the model pores distribution simulated to test the algorithm. 
 
 
Figure 5-7 Size distribution of the simulated model volume. The blue line is the output of the 
algorithm. The red line is the input size distribution 
 
5.4.2. Volume rendering 
The volume rendering technique is used to illustrate a discretely sampled data 
set, as produced by the microtomography scanner.  These slices are acquired in a 
regular pattern with a distinguished quantity of image pixels within this pattern.  
Volume rendering uses a regular volumetric grid, whereby each volume element 
or voxel (a unit of graphical information which defines a point in three-
dimensions) is assigned a particular value which is established by surveying the 
immediate area surrounding the voxel (S. et al., 2006). This is important in order 
to understand the distribution of voids within particular samples which is 
complementary to the rates of chloride ion movement.  
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5.4.3. Segmentation of slices  
Segmentation is an automatic procedure which can separate elements of the 
given model based on their distinguished volume. This is often used within 
concrete when the void size and matrix, or particular aggregates are under 
review.  
The segmentation process performed median filtering to decrease the noise level 
of the slices. The following process used intensity thresholding of the received 
intensities to create a binary image of the concrete matrix, i.e. separating the 
matrix from the voids. This is carried out through the review of various 
histograms which illustrate the intensities of various voxels.  
This process is followed by erosion/dilation morphological operations to remove 
small unconnected volume, most likely caused by noise. The degree of removal 
depends solely on the intensity of the light source and the consequential 
resolution. As there were limitations realised on the intensity of the light source 
in this instance, there were expected levels of noise that needed to be removed 
from the calculation.  
It is important to note that the segmentation procedure was carried out on the 
whole volume data of each sample, rather than being carried out slice by slice. In 
this way, the testing could avoid any local artefact arising from the filtered back 
projection (i.e. all artefacts were present in a single slice only). 
This method of segmentation is used to link the microstructural features with 
alternative measurements of permeability in concrete samples. When reviewing 
the chloride permeability of concrete, the ‘disconnected pore distance’ is reviewed 
within literature as this will often correlate will with the typical measurements 
of chloride permeability. 
5.4.4. Labelling of pores and calculation of statistical 
parameters 
To extract quantitative information from the data a custom algorithm was 
written in Python. The workflow of the algorithm is as follows: 
The segmented data (binary images) are inverted to have a voxel value of 1 in the 
pores and 0 in the matrix. 
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The Python Scipy package is used to label the pores. In practice, the algorithm 
searched for connected volumes (i.e. regions of contiguous voxels of value 1) and 
assigns them an integer number depending on their size. The size is evaluated by 
summing up the value of the voxels in each connected region.  
At this point, a ‘labelled’ image of the sample can be generated (refer Figure 5-9), 
where the pores are colour-coded depending on their size.  
At the same time, a histogram of the number of pores vs their size (or their 
physical volume) is also generated. To enable a quantitative comparison of the 
different samples, the number of pores in each sample is normalized by the total 
sample volume, as the measured sample had all different sizes. 
5.4.5. Details of the data analysis workflow 
5.4.5.1. Initial data treatment  
Before tomographic reconstruction, raw images are background subtracted and 
corrected for the free beam image (so called flat field correction). The flat field 
correction normalizes the images for non-uniform beam profile and detector 
response becomes evident 
5.4.5.2. Tomographic reconstruction 
Axial slices were reconstructed using a conventional filtered back-projection 
algorithm implemented in a user-written Python script.  As noted earlier, the 
changes in physical and chemical microstructure of concrete are the catalyst for 
the ingress of chlorides, and thus, can be used as a good measure of the long-term 
life of the structure.  
There is a grey scale convention which is directly related to the amount of local 
radiation absorption of the individual element within the mix. Within this, the 
materials that absorb the maximum amount show as white areas while the areas 
of little absorption show black. The objects of greatest absorption are typically 
un-hydrated cement particles and aggregate grains whereas hydration products 
that make up most of the cement matrix show lower absorption ability.   
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5.5. Analysis of the experimental data 
Following verification that the algorithm provides similarity in results for a 
synthetic phantom, the algorithm could then be applied to the experimental data. 
The advantages of this synthetic image phantom are such that it allows fast 
quantitative evaluation of the performance of image comparison algorithms 
which allows the outcomes to be verified (Krasimir et al., 2012). To compare the 
size distribution for the different samples, the results were normalised to the 
total volume of each sample. This step is necessary to account for the fact that 
the samples had different sizes – a larger sample is likely to contain more voids 
than a small one. Figure 5-8 illustrates the segmentation process which is 
utilised to remove unwanted noise that distorts the calculations.  
 
 
Figure 5-8 Connectivity and size labelling 
5.6. Results 
The comparison of the size distribution in the different samples is shown in 
Figure 5-9. 
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 197 
 
Figure 5-9 Comparison of pore size distribution 
 
Figure 5-9 clearly demonstrates that the HPLS mixes continue to show a higher 
void size and volume than the high strength counterpart. In addition, the 
variance within the LPHS mixes is demonstrative of the concentration of 
chlorides within the simulated environment. These results indicate that there is 
increased physical deterioration on the samples that are exposed to a more 
corrosive inductive environment. An example of the rendering of the volume and 
the pore distribution, for the sample 91-HPLS8 is shown below.  
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Figure 5-10 Volume Segmentation of Sample 
 
 
5.6.1. Errors within the segmentation 
Given the limitations on detectable areas with the resolution that is available, 
there are likely to be some volumes within the sample that are incorrectly 
recorded as they are composed of both a solid and a void area. The nature of the 
algorithm assumes that an average is taken of both the void and the solid; 
however it is difficult to allow for unwanted noise that may be read as either 
form. Gonzalez and Woods (2002) noted that the frequency of the error could be 
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minimised by accurately locating the threshold at the midpoint between the two 
areas on the histogram.   
5.7. Experiments with Synchrotron light source 
The Australian Synchrotron holds a 3GeV light source facility which was used in 
the imaging of concrete specimens after a period of exposure of 3 years to 
simulated environmental conditions. More specifically – the imaging and Medical 
Beam line – Hutch 3 which is located in the satellite hub 110m from the storage 
ring which gives a larger beam size and high x-ray energy. Therefore, larger 
samples can be analysed and greater pore volume can be reviewed. This breath of 
light source is important in heterogeneous materials such as concrete so that a 
wider expanse of material can be analysed to understand average trends.  
Moreover, a more powerful beam assists with the penetration of the sample and 
detection of light through the samples onto the detector face.  
The electrons are produced through a process of thermionic emission which 
generates the electrons with an electrical potential of 90,000 eV or 90keV. Once 
the electrons are at this stage, they enter the linear accelerator which utilises 
radio frequencies to accelerate the electrons through radio frequencies up to a 
speed of 100,000,000 eV or 100MeV. Within this linear accelerator, there are a 
number of magnets that assist in focusing the beam of electrons. From here, the 
electrons make their way into the booster ring which has a circumference of 
130m and generates a potential of 3,000,000,000 eV or 3GeV. At this point, the 
electrons are at a suitable speed to enter the storage ring with a circumference of 
216m. The beam lifetime within the storage ring is 20 hours and the light source 
can be taken from the storage ring at any time.  
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Figure 5-11 Volume View of Void Makeup 
Hutch 3 provides a typical beam width of 300mm and beam height of 30mm and 
is able to provide both pink and monochromatic light. The hutch contains a large 
sample table (2m x 1.5m) and therefore the detector can be positioned up to 6 
meters from the sample to provide propagation of phase contrast.  
The CT acquisition process depends ultimately on the energy of the beam. The 
time taken to collect 180 degrees of rotation at 1500 projections is typically close 
to one hour. The transition to the 3D imaging is facilitated by the software on 
site.  
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Figure 5-12 Concrete Sample Mounted on Stage 
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Figure 5-13 Australian Synchrotron light source passing through inspection Hutch 2 
 
5.7.1. Setup of light source 
The setup of the light source involves an arduous safety procedure whereby the 
staging chamber is locked off, prior to the shutters within the tunnel to Hutch 3 
being activated. At this point of resting the settings in Table 5-2 were 
implemented for imaging 
Table 5-2 Synchrotron Light Settings - HUTCH 3 
Item  Status 
Front End Opened 
Photon Stop Closed 
MRT Shutter Between 
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Item  Status 
Safety Shutter Closed 
Storage Ring Status Beam Available 
Beam Current 200.289 mA 
Beam Energy 3.033GeV 
Wiggler Field 3.001T 
PSS enable signal  Enabled 
 
5.8. Discussion  
The results from the x-ray tomography show a clear indication that the concrete 
mix design is highly influential in the manipulation of the void space. This was 
most evident through in the HPLS mixes returning the highest cumulative void 
sizes and distributions. Further to this, of the two high porosity mixes, 91-HPLS8 
was taken from the 0-10mm from the concrete surface and was exposed to the 
highest saline concentrations. As a result of this harsher sulphate and chloride 
exposure, the transformation between the thenardite and mirabilite has already 
occurred and the density of these once vacant pores is now held in the threshold 
of the ‘solid’ substances.  
This trend of the surface segments possessing a lower quantum of voids is 
consistent with the high strength concrete (7-LPHS1, 43-LPHS4) showing a 
lower porosity than the segment taken at 10mm cover depth (8-LPHS1). This 
confirms the previous hypothesis that crystallising process is occurring in the 
exterior segments of the pore matrix while the internal pores retail their 
emptiness.  
5.9. Conclusions 
The inevitable weathering process that concrete in harsh external cyclic 
environments is exposed to will have a significant influence on the pore 
connectivity, void distribution and overall lifespan of the structure. The ingress 
of such chlorides and sulphites from seawater inherently has a deletions effect on 
the internal pressures within the pore matrix as the crystallisation process 
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occurs. From the extent of work completed to this point in time; there is clear 
evidence to suggest: 
• The inclusion of pozzolanic admixtures will show a reduction in the number of 
free voids within the concrete and assist in reducing the overall porosity of the 
concrete mix.  
• There was a noticeable increase in the concrete porosity as a function of depth 
from the outer surface. 
• This decrease in porosity at the surface of the concrete is attributable to the 
crystallisation of sulphates and chlorides within the pore matrix which is 
received as holding sufficient substance to be displayed as a solid voxel during 
the rendering and analysis of the data.  
• As more of the surface voids undergo the transformation between the 
thenardite and mirabilite, there will be a pressure increase which will 
inevitably increase the void area with time through the forming of micro 
cracking.  
• There are evident limitations in the tracking of pore connectivity as 
resolutions are lost to achieve adequate sample sizes.  
• For the purpose of this study, a resolution to the order of 13 microns is 
sufficient to accurately distinguish between the various components of the mix 
and the pore matrix. If further detail on pore connectivity or micro cracks is 
required, a higher energy light source would be required or the size of the 
sample would need to be reduced as studying larger samples would sacrifice 
the resolution. The porosity of the material increased as deeper segments were 
analysed. This proves the steady ingress of the sulphate and crystallisation  
The imagery and results illustrated within this chapter have demonstrated a 
new area and methodology of accurately quantifying the interconnectivity and 
volume of voids within a concrete specimen. The research has proven how a 
variance in environment will change not only the rate of ionic movement through 
the pore matrix however also physical changing of the material itself. This 
provides the quantifiable evidence in support of environmental characteristics 
being included in the modelling of chloride ingress which will be explored in the 
following chapter. 
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6 
 
CHAPTER SIX: NUMERICAL MODELLING 
OF CHLORIDE INGRESS IN STRUCTURES 
6.1. Introduction  
The objective of the work presented here is to develop a methodology for 
predicting chloride ingress in port structures considering the impact of climate 
change. The methodology was developed as an asset-specific process to allow 
simplistic use by port asset owners in practice.  
To address the growing need of seaport infrastructure stakeholders to perform 
accurate forecasting of concrete asset deterioration, the methodology is based on 
pre-existing models and theories to provide a numerical modelling section that 
draws from the incremental influences that the surrounding environment has on 
chloride ingress.  
The model has been setup in such a way that an asset owner can input multiple 
asset codes of assets exposed to different environments and of different physical 
structure. The output of the model details the probability of corrosion initiation 
against a time scale to the year 2090. During the model development, the IPCC 
global forecasts were updated from the 4th assessment report to the 5th 
assessment report which detailed a variance in the global forecasts and an 
extension of time from 2070 to 2090. Within the back-end of the model’s workings 
there are climate inputs that are updated depending on the geographical location 
of the asset and the most up-to-date forecasts.  
To provide a baseline for the model to work from, baseline data is keyed in 
depending on the location and environmental parameters of that location. This is 
typically a baseline position that has been attained from historical data in this 
location. Within this, it is important that the data that is used provides an 
average baseline value and is not for a single year which may have been 
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notoriously hot or wet. A wider sample of baseline years will also overcome any 
distortion of global cyclic events such as El Niño or La Niña especially when 
observing in the context of the Pacific Islands.  
As part of the assessment reports that are released by the IPCC; or alternative 
climate models such as MIROC  MED-RES, C SIRO, SRES HadCM3-A1B and 
other Global Climate Models (GCMs), these forecasts are being continually 
updated and refined. To accommodate this, the model will also analyse multiple 
models concurrently to provide comparisons on how one model may have a more 
deleterious impact on the asset than a different GCM.  
Such GCMs will also predominantly provide error bars to absorb some of the 
uncertainty around the influencing factors of the forecast. In some cases, the 
value of these error bars is represented by one standard deviation error or a 95% 
confidence interval however within some climate variables, these error bars can 
represent up to a 35% deviation in the climate variable.  
Variance of this scale cannot be transposed through the model as the 
interpolation of this number of input parameters with such high variance would 
result in a multiplication of uncertainty which could not be used within the 
probability to corrosion initiation calculations. It is recognised that this variance 
must still be incorporated into the modelling and this occurs through effectively 
running multiple variations of the same climate model. This can be categorised 
by observing the mean, the lower extreme and the upper extreme of the values of 
each of the error bars and in this example, three separate analyses of the GCM.  
This chapter will demonstrate the processes that are employed within the model 
and how these influences the probability of corrosion initiation. The research will 
also indicate which values from previous research is being used as coefficients to 
feed the input data characteristics into the processing of the model. Images of the 
results and background workings of the model can be found within the 
appendices section of this research.  
6.1.1. Modifying previous models to account for climate 
change 
The literature review provided a background of the existing models that were 
already in use around the world which included the LIFE 365, Duracrete and the 
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FIB modelling. As noted in this review of current literature, there was a clear 
gap in knowledge of a system of modelling software that could incorporate a 
changing climate into the deterioration model.  This has driven the development 
of this model and set clear targets on the deliverables of this model and how it 
needed to respond to a context of climate change.  
Prior to this model being formulated, there was a previous research conducted to 
explore the advantages of design principals being used in the early stages of port 
developments and how this would continue to provide deterioration modelling 
into the future. The previous research did acknowledge the variance in climate 
scenarios however did not undertake any analysis of the influences of sea surface 
salinity (SSS).  There are various implications that were evident in the quantum 
and detail of the previous NCCARF studies (Kong et al., 2012) that employed an 
analysis system based on the same principles of this model. As was discussed in 
the literature review, certain subject case study ports within the equatorial 
regions that may see an increase in ocean salinity is not accounted for (W and S., 
2013). As such, it is critical that the modelling acknowledges this environmental 
change that will have an impact on these areas of the globe.  
As the impacts of human induced climate change increase in a non-linear 
fashion, the rate of impact is seen to increase. As such, the extension of these 
boundary conditions also meant that the additional 20 years of modelling saw a 
greater rate of deterioration than the previous 20 years which also holds question 
around the true deterioration rates of concrete that will be expected after 2090 
when the symptoms of climate change are at their most severe.   
6.2. Functionality of the model 
The model has been designed in such a way that it will first utilise available in-
situ data from core testing of the asset itself which provide the dual functionality 
of utilising the modelling in a predictive fashion when comparable design 
parameters are being assessed or alternately as a forecasting tool for existing 
assets and long term planning of structural deterioration.  
The input criteria that feeds the macro analysis is made up of the climate 
forecast values of UPPER EXTREME, MEAN, and LOWER EXTREME which 
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are built from the respective extremities and mean value of the IPCC AR5 
climate forecasts.  Further, the environmental coefficients which include the 
surface chloride concentrations, CO2 diffusion coefficients, Activation energy 
(derived from the w/c content) are prescribed by current literature (Val and 
Trapper, 2008, Yoon, 2008, Saetta et al., 1993b). Results from the experimental 
process include the corrosion rates, environmental exposure factors, and chloride 
diffusion coefficient. 
The baseline data is the average climate that has been experienced to date in the 
form of temperature, rainfall, RH, SSS, SST, and CO2. These inputs are utilised 
in the baseline chloride ingress modelling for comparison against the climate 
changing variables.  
The climate change data which is referenced from (IPCC, 2013) is set out in ten 
year increments which are then further extrapolated to annual changes in each 
of the climate variables. 
To run the macro analysis, certain inputs are required for the model to interpret 
the rate of chloride diffusion, the distance that each chloride molecule is required 
to travel, as well as the exposure criteria.  These inputs inevitably impact both 
the availability of free chlorides and CO2 for carbonation as well as influence on 
the rates of chloride ingress.  
Once these input variables are established, and the description of each asset and 
age of each asset established, there is also option to nominate a current depth of 
chloride penetration which may be taken from in-situ samples or other analysis. 
The input of this value will decrease or increase the time to critical concentration 
as this value will supersede the predicted value from the algorithm. 
The ‘Begin Chloride Modelling’ action is then utilised which utilises the data that 
has been inputted into the Main Sheet and copies this into a new sheet within 
the workbook. Following this, the variables of the individual asset are 
extrapolated from the StartSheet tab which is then used within the individual 
formulae of that asset’s sheet.  
As this occurs, figures are created to graphically illustrate the variance in the 
baseline values, the Pint with the climate overlay, and the Pint + SSS which 
illustrates how a variance in SSS will impact the deterioration rate of the asset. 
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6.3. Flow Chart of Numerical Modelling 
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6.3.1. Macro coding  
The macro coding of this program works on the principal of duplicating the main 
sheet into the additional tabs based on the number of assets that have been 
nominated on the STARTSHEET. As each of these tabs is duplicated, the 
relevant input parameters from STARTSHEET draw values from the coefficients 
tab which inputs the unique values into the relevant sections of the asset tabs. 
As this occurs, the asset tabs self-calculate themselves and utilise all of the 
relevant parameters to draw a value for Pint and Pint+environ which gives the 
holistic probability to corrosion initiation with all of influencing variables 
accounted for.  
The macro then hides the back-end coefficient and climate forecast sheets and 
each of the assets results can be individually analysed and used for seaport 
stakeholder decision makers. 
The coding for this operation to occur was written in Visual Basic and is shown 
below: 
Start: 
Sub Copy_Sheets_Rename() 
Dim Rng As Range, Cell As Range 
Dim LR As Long 
Dim Year As Integer 
Dim StYear As Integer 
Dim ws As Worksheet 
 
'Program the exposure of all sheets 
For Each ws In ActiveWorkbook.Worksheets 
ws.Visible = xlSheetVisible 
Next ws 
 
'Once complete, first hide then protect the sheets 
Sheets("Conditions pre-Climate Change").Select 
ActiveWindow.SelectedSheets.Visible = False 
Sheets("A2 Climate Forecast").Select 
ActiveWindow.SelectedSheets.Visible = False 
Sheets("Variables").Select 
ActiveWindow.SelectedSheets.Visible = False 
 
'delete the existing results 
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For Each ws In Worksheets 
Application.DisplayAlerts = False 
If ws.Name <> "START SHEET" And ws.Name <> "MainSheet" And ws.Name 
<> "Variable Values" And ws.Visible Then ws.Delete 
Next 
Application.DisplayAlerts = True 
 
'Duplicate the STARTSHEET and replicate based on the number of 
individual assets listed – e.g. one for each pile/asset 
'********DO NOT MOVE A5 
 
LR = Sheets("START SHEET").Range("A" & Rows.Count).End(xlUp).Row 
Set Rng = Sheets("START SHEET").Range("A5:A" & LR) 
i = 1 
 
    For Each Cell In Rng 
         
        If Not Evaluate("ISREF('" & Cell & "'!A5)") Then 
              
'Command for START SHEET to use the engineering model inputs 
             StYear = Sheets("START SHEET").Range("B1") 
             Year = Sheets("START SHEET").Range("C" & i + 4) 
             Pile = Sheets("START SHEET").Range("B" & i + 4) 
             Zone = Sheets("START SHEET").Range("E" & i + 4) 
             Distance = Sheets("START SHEET").Range("D" & i + 4) 
             Exposure = Sheets("START SHEET").Range("G" & i + 4) 
             Chloride = Sheets("START SHEET").Range("F" & i + 4) 
             h = Sheets("START SHEET").Range("H" & i + 4) 
             Dia = Sheets("START SHEET").Range("I" & i + 4) 
             fc = Sheets("START SHEET").Range("J" & i + 4) 
             wc = Sheets("START SHEET").Range("K" & i + 4) 
             Ce = Sheets("START SHEET").Range("L" & i + 4) 
             Dbar = Sheets("START SHEET").Range("M" & i + 4) 
             xc = Sheets("START SHEET").Range("N" & i + 4) 
      
             Sheets("MainSheet").Copy After:=Sheets(Sheets.Count) 
             ActiveSheet.Name = (Cell) 
              
'Duplicate the raw input data 
             Range("C4") = StYear 
             Range("F10") = Year 
             Range("G10") = Pile 
             Range("H10") = Zone 
             Range("I10") = Distance 
THE EFFECTS OF CLIMATE CHANGE ON THE RATES OF CHLORIDE INGRESS INTO REINFORCED CONCRETE IN SEAPORT INFRASTRUCTURE. 
 
 
212 | DOCTOR OF PHILOSOPHY (ENGINEERING) | ANDREW COLIN HUNTING 
             Range("J10") = Exposure 
             Range("K10") = Chloride 
             Range("L10") = h 
             Range("M10") = Dia 
             Range("N10") = fc 
             Range("O10") = wc 
             Range("P10") = Ce 
             Range("Q10") = Dbar 
             Range("C5") = xc 
                           
             i = i + 1 
              
'Duplicate the data and save it an a new excel file according to the 
prescribed asset name 
            Application.DisplayAlerts = False 
            ActiveSheet.Copy 
            ActiveWorkbook.SaveAs Filename:=ThisWorkbook.Path & "\" 
& Cell, FileFormat:=xlNormal 
            ActiveWindow.Close 
            Application.DisplayAlerts = True 
            End If 
    Next 
End Sub 
 
6.3.2. Analysis of the Diffusion Coefficient  
The diffusion coefficient is the most influential physical characteristic of the 
concrete and as such, a large amount of work was conducted and noted through 
the literature review, on which diffusion coefficient values were to be used 
through the numerical modelling section. Consideration was also required on 
which determining factor was to be used to draw the diffusion coefficient. Dc can 
be determined through a regression analysis of chloride concentrations at various 
depths from a core sample analysis, or alternatively a derived value from 
literature based on a concrete strength criteria or water cement ratio. Of these 
methods, the literature option was pursued given the inaccessibility of getting to 
all concrete assets and performing chloride analysis. 
As discussed in the literature review, after a thorough analysis of many existing 
models, the studies conducted by Duracrete were selected as they used an 
empirical model that proposed a time dependent Dc. The Duracrete model was a 
project financed by the European Union between 12 different partners 
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(universities, countries, organisations,). The study observed several types of 
concrete exposed to different environments and how the concrete responds from a 
deterioration perspective. It then outlined a probabilistic-based design of concrete 
structures. However, this modelling maintained a static surrounding 
environment which did not allow for the variables of climate change to impact 
the surface chloride value not influence any other chloride concentration values 
within the study. 
Extracted from the Duracrete research are various tested w/c ratios which were 
derived from the expansive testing regime. These are provided below in Table 
6-1. 
Table 6-1 Duracrete Concrete Strength and Diffusion Coefficient (Duracrete, 1998) 
w/c F'c (MPa) Dc×10
-12 (m2/s) 
0.40 55 7 
0.45 35 10 
0.50 35 15 
0.55 25 25 
 
In reviewing these, it is important to take note that most have been developed by 
repair associations and as such – will often give a prediction slightly worse than 
reality. More recently, the FIB model which is discussed later in the research is 
utilised as the most up-to-date model within current literature. Despite its 
relatively recent emergence into the market; it still does not factor in the impacts 
of a changing climate.  
For the purpose of the regression analysis noted in the previous chapter, these 
values were often used as the initial assumptions for the minimisation of squares 
prior to the SOLVER function being used.  
6.3.3. Temperature Factor 
As an extension to previous research completed, Yoon et al. (2007) extrapolated 
out a temperature factor that references an Arrhenius type equation, whereby; 
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Whereby E and R relate to the activation energy in K for hydration and 20 
degrees is noted as the reference temperature.  
As part of this research, this temperature factor is used within the chloride 
ingress equation and was deemed to be an ‘implication factor’ referring to the 
degree of hydration of the concrete as this has implications on the rate of chloride 
ingress. This is consistent with previous research conducted in literature.  
Within this research, E was taken as the activation energy (Saetta et al., 1993a) 
which was deemed to be dependent on the water cement ratio of the concrete. 
This factor was originally defined as an impact for the rate of carbonation, 
however it was noted by (Yoon et al., 2007) that it may also be used in the 
calculation of βt. It was noted that the activation energy, E levels to a consistent 
factor once reaching a w/c ratio or 0.6. This is because there is a significantly 
greater pore matrix for the ions to penetrate through and as such, require only 
baseline energy to commence.  
The activation energy is as shown below: 
Table 6-2 Activation Energy for W/C ratio 
Water Cement Ratio E (kJ/mol) 
0.3 50.0 
0.4 41.7 
0.5 44.2 
0.6 32.0 
0.7 32.0 
 
Further to this, R is taken as the gas constant as 8.31 * 10-3 KJ/mol K which 
feeds into the spreadsheet. Further to this T is taken as Tav which represents the 
average temperature for that particular year. As this is interpolated out with the 
IPCC expected temperature changes over time – the βt constant will invariably 
increase over the period of the intended projection. Consequently, this increase in 
temperature will have a positive influential impact on the rate of chloride ingress 
into concrete.   
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6.3.4. Numerical Correlation of Salinity 
There are many elements that need to be considered when mapping chloride 
ingress, and the surface chloride is typically an element that is calculated from a 
regression analysis through a sum of least squares to obtain a value once chloride 
concentrations are known at various depths. However, as the research has 
shown, there is previous evidence to support the notion that the regression 
analysis as a mathematical function is calculated inversely from the depths of 
ingress into the concrete rather than used as a forecasting factor based on the 
environment.  
 However, there is still a need to understand the chloride conditions for the free 
chloride availability when calculating such overall ingress. So, if empirical 
models are used, Cs could be described as: 
𝐶𝑠 =
𝐶′𝑡𝑜𝑡 (𝐶𝑒𝑛𝑣,
𝑤
𝑐 , 𝑏𝑖𝑛𝑑𝑒𝑟 𝑡𝑦𝑝𝑒, 𝑇) ∗ 𝐶
𝜌𝑐𝑜𝑛𝑐
 
Whereby C’tot (percent of w/c) is given by the chloride binding isotherm at Cenv 
and at temperature of 20®C.  
This factor has been considered to be influential in the supply of the free 
chlorides at surface level and as such, must be considered in the calculation of 
the overall chloride ingress. This research was originally proposed by  
𝐶(𝑥, 𝑡) = 𝐶𝑒 + 𝐶𝑜 ∗ 1
− erf (
𝑥
2 ∗ √𝑘𝑐 ∗ 𝑘𝑒 ∗ 𝑘𝑡 ∗ 𝛽𝑡 ∗ 𝐷 ∗ 106 ∗ (
1
𝑡 − (𝑡𝑜 − 1)
)
𝑛
∗ (𝑡 − (𝑡𝑜 − 1))
) 
This is the basis of the formulae that is used within the modelling as it derives 
the chloride ingress rates with the consideration of the environmental chloride 
levels. As such, the results from the chloride testing have revealed the differences 
that particular chloride environments can have on the pore concrete content with 
the matrix.  
The experimental methodology presented the rationale behind the incremental 
variance of the simulated exposure conditions. Of a segment of concrete, there is 
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ample evidence to show that the chloride content increases with an increase in 
environmental salinity.  
An equation can be formed to illustrate this relationship, and when done so, will 
derive a coefficient of correlation of 0.8943 for 0-10mm segments.  When 
illustrated graphically, the representations of the two trend lines is shown in 
Figure 6-1. 
 
Figure 6-1 Impact of salinity on Chloride Content HPLS 
 
0 − 10𝑚𝑚 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠: 𝑦 = 0.0009 ∗ 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 + 0.0554 
20 − 30𝑚𝑚 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠: 𝑦 = 0.002 ∗ 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 + 0.0012 
As these results were taken after just 52 weeks, there is firm reasoning to 
suggest that the chloride levels noted in the 20-30mm segment are close to the 
concrete mix chloride levels (from aggregates & sands used). Consequently, the 
two equations can be deducted from each other to produce the following: 
y = 0.0009x + 0.0554
R² = 0.8943
y = 0.0002x + 0.0012
R² = 0.3867
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𝐼𝑚𝑝𝑎𝑐𝑡 𝑜𝑓 𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡: 𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒 = 0.0007 ∗ 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 + 0.0542  
The relationship set forth in the above example is used for the one particular 
type of exposure condition and concrete mix design. The input of this equation 
varies with each analysis of concrete asset dependant on the sea surface salinity.  
6.3.5. Numerical modelling of other variables 
Given the number of variables that impact the deterioration of a concrete 
structure, there are two distinct areas of influence on the structure that impact 
the time to corrosion initiation. The first area is the physical characteristics of 
the design of the asset which will determine its resistance and provide the details 
on the distance and the medium that the chloride ions will penetrate through. 
This data will define the rate of chloride ingress and will also define the 
parameters that are used as part of the calculations. The reasoning, formulae 
and references for these inputs and coefficients are explained in the following 
part of this research.  
Following the receipt of the three year testing results, validation could be made 
through the use of the correlation formulae to most accurately derive an equation 
that represented the outstanding variables that will ultimately influence the 
estimated chloride concentrations at depth, x.  
The following formula was derived through the minimisation of least squares and 
reduction of the correlation factor by varying the weighting of each of the 
variable values.  
𝐶𝐸 = 3.75𝑅 − (
𝑙𝑜𝑔𝑥
120
50
) + 0.2𝑆 − 0.01𝑇  
Whereby Ce is the estimated Chloride content as a percentage of the cement 
content, R is the water/cement ratio of the subject concrete, x is the depth at the 
point of analysis, S is the sea surface salinity, and T is the temperature.  
As this impact of environmental chlorides is added to the cumulative chloride 
calculation, there is clear evidence to show that the surrounding chloride will 
impose a significant impact on the Pint, Probability of corrosion initiation.  
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This factor, Pint is calculated from the quotient of the chloride concentration at 
the cover depth with the critical chloride concentration, which is often assumed 
as 3.35. The basis and rationale of this value has been discussed earlier and has 
been described as the most influential modelling parameter.  
For other modelling software, including  FIB Model Code for Service Lift Design  
(FIB, 2006.), the Ccrit is being modelled as a beta distribution that holds a lower 
boundary of 0.2% and upper boundary of 0.6% by weight of cement. However, the 
purpose of this modelling research uses a normal distribution showing a mean of 
0.95% by the weight of cement. This was supported by an extensive corrosion 
study on UK bridges by (Vassie, 1984) 
The literature review detailed the influence that the cement content of a 
particular mix design can have on the pore void hydration and therefore the ion 
migration capability through the pore matrix. For this reason; the cement 
content of the mix is used to calculate the critical chloride level which is taken as 
0.95% of this value. In the case of cementitious substitutes being used in mixes 
(such a pozzolanic admixtures); this is embodied in the total ‘cement/binder’ 
amount (in kg/m3) which allows a total binder percentage to be calculated.  
In the case that the cement content was 450kg/m3 of the mix design, the critical 
chloride value would be 4.275kg/m3. The probability of corrosion initiation can be 
worked from this basis.  
For example, a concrete with cement content of 353kg/m3 would have a critical 
chloride value of 3.35kg/m3 and the probability to corrosion initiation would be 
illustrated as below assuming a cover distance (h) of 50mm: 
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The resultant output is derived from a ratio of the calculated chloride 
concentration against the known critical chloride concentration Cr which can then 
be graphed against the baseline data to demonstrate how a chloride ingress 
situation under the influence of climate change will respond differently to the 
baseline data under a static environment.  
6.3.6. Correlation of numerical modelled chloride content 
against measured chloride content 
Once a clear relationship had been established between each of the input 
variables, an analysis was undertaken to validate the modelling against the 
results from the comprehensive experimentation procedure. A correlation 
analysis was undertaken to understand the influence of each of the variables and 
how each of the variables was required to be weighed against the others. 
Overall, the 90 sample results provided an average variance of -0.36 and an 
average correlation factor of 87%. The table of results of this numerical analysis 
can be found in APPENDIX C. 
The correlation between the measured and calculated results on typical samples 
is illustrated in Figure 6-2 and Figure 6-3. 
 
Figure 6-2 HPLS3a - Correlation of measured to numerical modelled values 
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Figure 6-3 HPLS4a - Correlation of measured to numerical modelled values 
The correlation coefficient between these two relationships is visually 
statistically valid, most notably given that the analysis is conducted on a highly 
heterogeneous material such as concrete. A numerical analysis of the 
relationship between the measured and the estimated values is shown in the 
following chapters. As the hypothesis of this research indicated, the HPLS3a 
[30ppt] sample shown in Figure 6-2 exemplifies a noticeably lower chloride 
content; especially at lower depths within the sample than the HPLS4a [40ppt] 
in Figure 6-3.  
The above demonstrates the suitability of formula which considers the w/c ratio, 
temperature, salinity, and depth of the analysis and derives a representable 
relationship between the two sets of results.  
6.3.7. Statistical Significance Numerical Calculations 
As there are several variables that influence the chloride content within the 
concrete, a stepwise regression analysis was conducted in a software modelling 
tool (SPSS). Due to the smaller sample size, the normality of the dependant 
variable (Chloride content) was not required. In addition, the variables with more 
than two categories received a ‘dummy coding’ prior to the analysis commencing.  
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The regression analysis following the stepwise calculation on SPSS is as follows: 
Table 6-3 Regression analysis of stepwise calculation on SPSS 
Model Summary 
Model R R Square Adjusted R 
Square 
Std. Error of 
the Estimate 
1 .634a .401 .395 .5368013 
2 .798b .636 .628 .4208379 
3 .831c .690 .680 .3905482 
4 .854d .729 .716 .3673993 
5 .869e .755 .740 .3516234 
6 .877f .770 .753 .3429421 
a. Predictors: (Constant), AWC_Ratio 
b. Predictors: (Constant), AWC_Ratio, DEPTH_2 
c. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10 
d. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10, 
SALINITY_20 
e. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10, 
SALINITY_20, SALINITY_00 
f. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10, 
SALINITY_20, SALINITY_00, DEPTH_10 
 
Table 6-3 notes the model summary with added predictors. With reference to 
model 6, there is an 87.7% variation in the chloride content which is explained by 
AWC_Ratio, DEPTH_2,  DEPTH_10, SALINITY_10, SALINITY_20, 
SALINITY_00. 
Following this analysis, it is important to demonstrate the interaction of whether 
the variables have a statistically significant impact on the dependent variable. 
Table 6-4 shows a very clear statistical significance of the variables.  
Table 6-4 Statistical Significance of the Model 
ANOVAa 
Model Sum of 
Squares 
df Mean 
Square 
F Sig. 
1 Regression 17.009 1 17.009 59.026 .000b 
Residual 25.358 88 .288   
Total 42.366 89    
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ANOVAa 
Model Sum of 
Squares 
df Mean 
Square 
F Sig. 
2 Regression 26.958 2 13.479 76.109 .000c 
Residual 15.408 87 .177   
Total 42.366 89    
3 Regression 29.249 3 9.750 63.921 .000d 
Residual 13.117 86 .153   
Total 42.366 89    
4 Regression 30.893 4 7.723 57.217 .000e 
Residual 11.473 85 .135   
Total 42.366 89    
5 Regression 31.981 5 6.396 51.732 .000f 
Residual 10.386 84 .124   
Total 42.366 89    
6 Regression 32.605 6 5.434 46.205 .000g 
Residual 9.762 83 .118   
Total 42.366 89    
a. Dependent Variable: Chloride_Content ( E) Chloride Content (% mass concrete) 
b. Predictors: (Constant), AWC_Ratio 
c. Predictors: (Constant), AWC_Ratio, DEPTH_2 
d. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10 
e. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10, SALINITY_20 
f. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10, SALINITY_20, 
SALINITY_00 
g. Predictors: (Constant), AWC_Ratio, DEPTH_2, SALINITY_10, SALINITY_20, 
SALINITY_00, DEPTH_10 
 
The results presented demonstrate the significance of model number 6 which 
showed the closest statistical significance. Following the proof of this model, the 
beta coefficients are calculated through the unstandardized coefficients function 
as the beta zero constant is included. This process and the related results are 
shown in Table 6-5. 
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Table 6-5 Analysis of Coefficients 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) .485 .076  6.394 .000 
AWC_Ratio .875 .114 .634 7.683 .000 
2 (Constant) .319 .064  5.025 .000 
AWC_Ratio .875 .089 .634 9.800 .000 
DEPTH_2 .831 .111 .485 7.495 .000 
3 (Constant) .396 .062  6.368 .000 
AWC_Ratio .894 .083 .648 10.773 .000 
DEPTH_2 .831 .103 .485 8.077 .000 
SALINITY_10 -.384 .099 -.233 -3.875 .000 
4 (Constant) .484 .064  7.598 .000 
AWC_Ratio .916 .078 .663 11.695 .000 
DEPTH_2 .831 .097 .485 8.585 .000 
SALINITY_10 -.483 .098 -.293 -4.955 .000 
SALINITY_20 -.340 .098 -.206 -3.490 .001 
5 (Constant) .589 .071  8.352 .000 
AWC_Ratio .846 .079 .613 10.756 .000 
DEPTH_2 .831 .093 .485 8.971 .000 
SALINITY_10 -.554 .096 -.335 -5.748 .000 
SALINITY_20 -.411 .096 -.249 -4.264 .000 
SALINITY_00 -.387 .130 -.177 -2.966 .004 
6 (Constant) .536 .073  7.370 .000 
AWC_Ratio .846 .077 .613 11.029 .000 
DEPTH_2 .885 .093 .516 9.482 .000 
SALINITY_10 -.554 .094 -.335 -5.894 .000 
SALINITY_20 -.411 .094 -.249 -4.372 .000 
SALINITY_00 -.387 .127 -.177 -3.041 .003 
DEPTH_10 .215 .093 .125 2.304 .024 
a. Dependent Variable: Chloride_Content ( E) Chloride Content (% mass concrete) 
 
From this point, there are two distinct predictors:  
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𝐴𝑊𝐶_𝑅𝑎𝑡𝑖𝑜 = 0 𝑖𝑓 0.37 
𝐴𝑊𝐶_𝑅𝑎𝑡𝑖𝑜 = 1𝑖𝑓 0.47 
These predictors are then interpolated into the following two relationships: 
If AWC_Ratio=0.47 then: 
𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒_𝐶𝑜𝑛𝑡𝑒𝑛𝑡
= .536 +  .846 ∗ 𝐴𝑊𝐶_𝑅𝑎𝑡𝑖𝑜 +  .885 ∗ 𝐷𝐸𝑃𝑇𝐻_2 +  .215
∗ 𝐷𝐸𝑃𝑇𝐻_10  − .387 ∗ 𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_00 −  .554 ∗ 𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_10
− .411 ∗  𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_20. 
 
If AWC_Ratio=0.37 then: 
𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒_𝐶𝑜𝑛𝑡𝑒𝑛𝑡
= .536 +  .885 ∗  𝐷𝐸𝑃𝑇𝐻_2 +  .215 ∗  𝐷𝐸𝑃𝑇𝐻_10 − .387
∗  𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_00 −  .554 ∗ 𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_10 − .411 ∗  𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_20. 
In compliment to the results shown in the excel analysis, the environmental 
temperature showed very little influence on the rate of chloride ingress and 
consequently time to corrosion initiation. This is also complementary to the 
second law of thermodynamics which notes that temperature will have very little 
influence on the rate of ion movement through a substance. 
This is shown through the analysis of the group statistics in Table 6-6 when a 
comparison is noted between the temperature variables: 
Table 6-6 Group Statistics of Variability in Temperature 
Group Statistics 
 TEMP N Mean Std. 
Deviation 
Std. Error 
Mean 
Chloride_Content (E) 
Chloride Content (% 
mass concrete) 
15 45 .887324 .7216758 .1075811 
25 45 .861196 .6646114 .0990744 
The very small deviation in the two mean values demonstrates the very slight 
difference in the variability in results. 
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The results presented in the statistical significance calculations provide the most 
accurate relationship connections between the many variables on the chloride 
content. As such, these relationships form the basis of the numerical modelling 
software and will provide the calculations of the environmental deterioration 
modification factor moving forwards.  
There has also been a sound statistical significance shown in the results which 
proves the consistency in the experimental procedure results.  
6.3.8. Exposure Classifications 
The exposure classifications have been clearly detailed within the literature 
review section of this research and are used within the numerical modelling. Like 
other variables, the numerical modelling software has the capacity to detail a 
unique exposure classification for each asset that is investigated. The baseline 
variables used are detailed below in Table 6-7, Table 6-8, and Table 6-9. 
Table 6-7 Concentration of Surface Chlorides (Val & Steward 2003) 
Environment Type Mean (kg/m3 
tidal/splash 1 7.35 
atmospheric (coast) 2 2.95 
atmospheric (>1km from coast) 3 1.15 
 
Table 6-8 Environmental exposure factor (Wang et al., 2010) 
Exposure Factor n ke 
  mean SD mean SD 
atmospheric 0.65 0.07 0.676 0.114 
tidal 0.37 0.07 0.924 0.155 
splash 0.37 0.07 0.265 0.045 
submerged 0.3 0.05 1.325 0.223 
 
Table 6-9 Rates of Corrosion (Duracrete, 1998) 
    Mean SD Distribution 
Class Description (µA/cm2) (µA/cm2)   
CL1 Wet-rarely dry 0.345 0.259 lognormal 
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    Mean SD Distribution 
Class Description (µA/cm2) (µA/cm2)   
CL2 Cyclic wet-dry 2.586 1.724 lognormal 
CL3 Airborne sea water 2.586 1.724 lognormal 
CL4 Submerged 0 0 lognormal 
CL5 Tidal zone 6.035 3.448 lognormal 
 
As was noted on the flowchart of numerical modelling and within the macro 
coding of this section, there is clear distinguishability on how the modelling 
software performs the VLOOKUP function to draw the above coefficients from 
the back-ground data dependent on their inputs. These values are then utilised 
within the individual asset tabs and perform part of the numerical values that 
are used within the calculation to probability of corrosion initiation.  
6.4. Input variables for Port of Suva, Fiji.  
This section demonstrates the input and range of variables that are required to 
attain the highest accuracy from the model. Table 6-10, Table 6-11, and Table 
6-12 nominate the input parameters that are used in the case study section of 
this research on the analysis of the Port of Suva. 
A particular asset within the Port of Suva was analysed under the following 
input variables: 
Baseline Data: 
Table 6-10 Baseline Data for Port of Suva 
Baseline Variable Unit 
CO2 390 ppm 
Temp 25.7 deg c  
RH 80 
 
Rainfall 3020 mm 
SSS 32 ppt 
SST 27 deg c 
Location of Port: 
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Baseline Variable Unit 
Country: FIJI 
 
City: Suva 
 
Port Name: King's Wharf 
 
Input Variables: 
Table 6-11 Input variables for Suva - Asset B22 
Input Variable 
Name of Structure Fuji B4 
Pile 1726-Pile_B22 
Year Built 1985 
Distance from coast 0.60 
Zone splash 
Chloride Category CL3 
Exposure C2 
Cover (mm) 50 
Dia of member 440 
F’c 50 
w/c 0.6 
Concrete Content 310 
Dbar 32 
xc(t0) 5 
 
The Input variables for this particular B22 Pile were specifically derived from the 
IFC construction drawing set from (Erasito-BECA, 2014) and are summarised in 
Table 6-11. The design of the model has been carried out in such a way that an 
adjacent asset may be simultaneously analysed under the same baseline and 
forecast data, however specific input variables may be selected to attain a more 
accurate analysis on the subsequent asset’s physical and exposure 
characteristics.  
The climate forecast characteristics are shown within the below table (IPCC, 
2013) (Stott et al., 2008) with : 
Table 6-12 Climate Forecast Input Parameters (IPCC) 
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Climate Input Year 1990 2010 2030 2055 2070 2090 
Classification             
Annual Surface Temp A2 0.00 0.35 0.70 1.40 2.00 2.6 
A1B 0.00 0.35 0.70 1.40 1.75 2.1 
Annual Rainfall A2 0.00 1.00 2.00 4 5.50 7 
A1B 0.00 0.50 1.00 3 3.00 3 
Annual Relative Humidity A2 0.00 0.08 0.16 -0.16 -0.32 -0.46 
A1B 0.00 0.08 0.16 0.32 0.40 0.48 
Annual Sea Surface Temp A2 0.00 0.35 0.70 1.3 1.85 2.4 
A1B 0.00 0.30 0.60 1.2 1.55 1.9 
Annual Sea Surface Salinity A2 
 
0.32 0.80 1.6 2.40 3.2 
A1B 
 
0.32 0.80 1.6 2.40 3.2 
 
The input of these elements as is carried out in a later chapter provides the 
following graphical illustration on the variance between: 
• Pint (at Baseline) – No climate variance 
• Pint (A2) – A2 climate variance 
• Pint (A2) + SSS – A2 climate variance (including SSS) 
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Figure 6-4 Probability of Corrosion Initiation - 1726-Pile_B22 
These modelling results for the Port of Suva are explored further within the Case 
Study Chapter of this research. It can be noted from Figure 6-4 that there is a 
significant difference between the probabilities to corrosion initiation when all 
environmental parameters are considered 
6.5. Summary of numerical modelling findings 
The numerical modelling section within this research has created a user-friendly 
platform for seaport stakeholders to be able to forecast the deterioration and 
probability of corrosion initiation within the concrete asset. The model utilises 
some predetermined values of exposure criteria from relevant standards or the 
Duracrete studies. These values have been utilised by many other concrete 
deterioration models and are well supported within literature.  
The other principle inputs to the model have been the climate forecasts from the 
IPCC. As noted, these have been updated over the course of the research as new 
forecasts are released and the GCM timescale varies.  
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The defining characteristic of this model is the capability to overlay pre-existing 
deterioration models with the latest and most localised GCMs. Further to this, 
the model can perform analyses on multiple assets simultaneously which is 
highly beneficial to seaport stakeholders.  
As this research on numerical modelling have shown, there are highly accurate 
ways by which the movement of chloride ions can be modelled which varies based 
on the physical characteristics and the surrounding environment.  
The application of this model was applied through a case study with The Port of 
Suva in the South Pacific Ocean. Through an extensive research procedure of 
locating Port Authority design drawings, narrowing the climate change GCMs to 
be applicable to this area, as well as understanding the concrete construction 
methodologies at the time of constructions, the following section outlines the case 
study of the collaborative research with the Port of Suva 
6.6. A case study: The Port of Suva  
6.7. Introduction 
Port of Suva in Fiji currently possesses a vital element of the country’s supply 
chain and fiscal economics. The port is relied upon for trade; predominantly 
import rather than export; and serves as a node to the tourism market which has 
shown considerable growth in the past decade.  
Given the current economic position of a country such as Fiji and its monitoring 
of the seaport’s asset portfolio, there is a distinctive lack of understanding of the 
risks that the Port faces in the coming years, both from a typical deterioration 
perspective and one that is accelerated by the effects of climate change.  
As part of the Pacific Ports Program funded by the AUSAID project, this research 
worked with local authorities at the Fiji Ports Corporation and the Climate 
Change Adaptation Program at the Global Cities Institute at RMIT University to 
facilitate an investigation and adaptation report on the Port to understand the 
risks involved with climate change.  
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The report sanctioned the vitality of not only the Port of Suva, but other logistics 
and tourism based Ports in the region. The cultural and social component 
reviewed the impacts on the local trade and the economy, while also reviewing 
what constraints would be imposed on the supply of agriculture and demand of 
tourism as indirect implications of climate with more severe and frequent storm 
surge events.  
The case study concentrated on a number of berths at Suva Port that will be 
exposed to long term changes in weather and increased climate extremes. 
Restricting the analysis to concrete structures was only a practical decision based 
on the non-availability of design data for wooden or steel assets at the port. 
Mechanisms for corrosion are typically accelerated by humidity, temperature, 
carbon dioxide, environmental salinity, and increased wetting and drying cycles 
(precipitation). As the climate changes, and in many cases becomes more 
aggressive towards concrete assets (Bastidas-Arteaga et al., 2010), there is a need 
to better understand the potential for increased deterioration rates of vital assets.  
6.7.1. The Pacific Region context 
There is currently a serious period of transformation occurring within the Pacific 
Island nations due to climate change.  
The importance of seaports within the Pacific Island Nations holds true to the 
fact that they are vital logistics hubs for all nations within the area. The 
anticipated climate variability through the region is summarised graphically in 
Figure 6-5. 
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Figure 6-5 Map showing the average positions of the major climate features of the western tropical 
Pacific region in November to April.  (CSIRO, 2012) 
 
6.7.2. Selection of wharves 
The sample selection of wharf was limited within Port Suva given that the 
studied port needed to have accurate data on its construction design and current 
condition. Given that this information was limited, the Southern Queens’ Wharf 
was selected due to the scarce but documented information on its design.  
Furthermore, the modelling has the precise ability to focus on just one asset or 
structure within the broader port area. In this case, a single asset at the 
southern junction between the Queens and Kings Wharves was selected for the 
following reasons: 
• Closest to the respective ‘coastline’ for the modelling input 
• Denoted with the higher level of exposure of the Port 
• Unlike other piles further north, would not be protected on the leeward side of 
any vessels and as such, would be likely to receive the worst of the easterly sea 
breezes and wave action. 
• Would have the highest exposure to direct sunlight which increases the rate of 
wetting and drying cycles on the asset. 
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• As located underneath the fixing points for vessels, would be likely to receive 
the highest imposed flexural stress over time.   
6.7.3. Data collection 
Given the accessibility issues and perceived importance of data retention on the 
Port, there were little importance placed on the continual assessment of the 
structure and retention of reliable data from the time of construction. The Port 
that was built some decades ago was carried out by a joint venture (JV) between 
an Australian engineering consulting company BECA, and a local construction 
company Erasito.  
 
Figure 6-6 Extract from 4532481 - S001 ERASITO BECA Consultants (Erasito-BECA, 2014). 
 
 
Figure 6-7 Extract from 4532481 - S001 ERASITO BECA Consultants (Erasito-BECA, 2014). 
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Figure 6-8 Extract from 4532481 - S012 ERASITO BECA Consultants (Erasito-BECA, 2014). 
 
Figure 6-9 Extract from 4532481 - S013 ERASITO BECA Consultants (Erasito-BECA, 2014). 
After significant research and using industry sources, there was a collection of 
original construction drawings that were archived within a data retention system 
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in BECA’s construction record system. These drawings shed light on what the 
design of the individual members were and how they were constructed. 
Several appeals were also made to the Fiji Ports Authority at the time of writing 
for the opportunity to instigate a core sample specimen from several of the 
inspected port assets. Unfortunately, the authority did not see the direct value in 
such an investigation and declined to provide such a sample.  
The way in which the deterioration model has been written, there is opportunity 
for the user to input a certain xt which represents the current depth of chloride 
ingress. This function allows the model to re-calibrate from time to which relates 
back to the original time of construction of the in-situ asset.  
6.7.4. Quality assurance of construction in Fiji 
There is firm evidence that illustrates the comparison of quality assurance in 
construction between western countries and developing countries. Albeit the 
accuracy and design parameters of the construction drawings, there is a 
consideration that must be given to the lapse in quality assurance at the time of 
construction in Fiji in the 1980s. To absorb this risk, there is a margin of error or 
10% that was applied to the construction data such that any parameter that was 
detailed was reduced by the above safety factor to allow for on-site workmanship.  
Such an example of how this was applied is detailed below: 
Table 6-13 Margin of error 
Element Recorded Value Modelled Value  
Concrete Cover Distance 50mm 45mm 
Water/Cement Ratio 0.45 0.415 
Distance from Coast 250m 225m 
 
The skewing of these factors had the ability to dramatically affect the modelled 
result; however there is good research to support the notion that 10% may be 
classified as a conservative margin given the expected construction techniques 
that are evident in developing nations such as Fiji(UNCTAD, 1985). 
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6.8. Purpose of study 
6.8.1. Validation of proposed model 
There are several justified restrictions to the validation of the proposed model to 
the research that was completed and inspected at the Port of Suva. Of greatest 
importance is the accuracy and availability of construction drawings from the 
time that the port was built. Extensive research occurred into the local concrete 
standards that were present at the time, and revealed a noticeable absence of 
such documentation from that era. Following communications with the design 
company in Australia, it was noted to be highly likely that Australian Standards 
would have been specified for the research in Fiji. With this information, 
historical Australian Standards were used to populate the input parameters of 
the model.  
6.9. Methodology of working with the Port of Suva 
Authority 
6.9.1. Working with the influences of environmental factors 
An engineering application was successfully profiled as an example component of 
the toolkit. Engineering deterioration models were integrated into the toolkit, 
allowing stakeholders to receive an overall assessment of the port structure’s 
health due to a changing climate. 
Seaport structures are subject to various deteriorating agents throughout their 
lives. The engineering application calculates and presents numerical probabilistic 
projections on the deterioration rates of concrete assets, allowing the life span of a 
large number of port assets to be analysed. This exercise can be undertaken 
through the examination of a ‘typical’ pile within a port precinct assuming common 
deterioration across neighbouring and similar assets. Alternatively, the modelling 
can be localised down to an individual exposure zone of a particular pile. 
The case study ports are located in significantly corrosion-prone areas given the 
tropical environment and presence of chlorides. This combination of the 
environment and a plentiful supply of chlorides makes Fiji and PNG highly 
susceptible to chloride ingress (Bastidas-Arteaga et al., 2010) causing deterioration 
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of concrete. This corrosive process occurs more rapidly in structures that are 
exposed to saline-ridden environments with traces of chloride that are similar to 
those affecting Suva and Port Moresby (Emmanuel et al., 2012).  
6.9.2. Acknowledging seaport stakeholder interests 
The modelling work carried out for Suva Port builds on the methodology that was 
developed as part of the Australian seaports study mentioned previously in this 
research. This original work involved a refinement of existing deterioration models 
to incorporate climate data into modelling runs in order to determine changes to 
deterioration rates when impacted by a change in climate variables. Changes to 
environmental variables will directly impact the deterioration of concrete, 
primarily through chloride ingress and carbonation intrusion (Kong et al. 2013; 
2012). For the Australian project, climate data were sourced from the CSIRO and 
included two emission scenarios to represent high and moderate possible futures 
out to 2070. However, the climate data relevant to the Pacific – generated by the 
CSIRO through their Pacific Futures modelling resource – differs in methodology 
and timescale to the previous Australian scenarios (to 2090). This is a result of 
international changes adopted by the scenario modelling community brought 
about by the introduction of the 5th assessment report of the Intergovernmental 
Panel on Climate Change (IPCC, 2014). To consider a range of possible climate 
futures for Suva, the two climate futures (A1B and A2) were analysed under three 
‘scenarios’ - mean, upper, and lower - to illustrate the possible ranges of these 
variables.   
Whilst the attention of the engineering analysis was on longer term changes to 
climate variables, and their impact on the deterioration of concrete assets, it is also 
worthwhile noting that other ‘instantaneous’ events such as rehabilitation of the 
asset, overloading, and environmental extremes (storm surges etc.) will also 
impact on the lifespan of the assets. As the future frequency and magnitude of 
these events is still uncertain, the modelling of the deterioration relied on 
modelling average increases due to the long-term effects of climate change. 
To deliver concise reporting to the port asset managers, the model required a wide 
breath of inputs which involved integrating climate data. This was not due to a 
reluctance to share data by the relevant authorities, rather a lack of accurate asset 
portfolio records and adequate tracking of chloride ingress over a period of time; a 
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consequence of a lack of local resources. An improvement to the data collection and 
storage by the infrastructure stakeholders would improve the accuracy of the 
model. 
During the collection of data, caution was exercised when relying solely on the 
drawings set at the time of construction given questionable project controls and 
quality assurance that is prevalent within the industry in many Pacific Island 
Nations (Gray et al., 2011). Where construction data were unattainable or unclear, 
the design inputs were referenced back to the Australian Standards at the time of 
construction, as this research was predominantly being undertaken by Australian-
led consortiums (Gray et al., 2011, Erasito-BECA, 2014). To assure the accuracy of 
inputs, in-situ testing would need to be conducted to guarantee cover distance, 
concrete mix properties, current depth of chloride ingress, etc.  
6.10. Climate Modelling  
6.10.1. Interpretation of CO2 inputs 
The 5th Assessment Report (AR5) refers to the Couples Model Intercomparison 
Project Phase 5 (CIMP5) which was a multi-disciplinary study conducted by 
many nations in an attempt to align modelling and coordination of climate 
experiments. The CO2 levels for the year 2100 using Earth Model Systems 
showed little difference from the levels produced in the AR4 readings. When 
following the RCP 8.5 scenario of the AR5 CMIP5 data, a result of 936ppm is 
given.  
The modelling produced in the AR5 does give significant higher accuracy than 
previous reports as it takes into consideration the additional CO2 emissions that 
are likely to be released as a result of continued climate variability.  
Further to these global averages, correction factors are applied to retain this 
value to relevance of CO2 within the Pacific Island Area.  
6.10.2. Findings 
Typically, within port infrastructure maintenance operators, when an element 
reaches a critical trigger (for example based on detected crack width in concrete), 
a maintenance or replacement regime will commence. The resilience of a seaport 
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asset to climate change can therefore said to be represented by the difference 
between the deterioration curve of a baseline climate and one that is accelerated 
by climate change. This can provide a useful illustration of the revised serviceable 
life of the asset in question. Figure 6-10 and Figure 6-11 below show the 
quantitative difference in projected corrosion induced by chloride intrusion for a 
given asset within Suva Port for a given climate future. Furthermore, Figure 6-11 
details a significant difference between the baseline and the climate impacted 
deterioration curve. For a given probability of a corrosion initiation trigger (e.g. 
25%) the model indicates a reduction in serviceable lifespan of the asset by over a 
decade. The significant difference in the probability to corrosion initiation between 
the theoretical concrete structures shown in Figure 6-10 and Figure 6-11 when 
compared to the statistical analysis of a physical pile shows influence that the 
concrete properties and age of the asset will have on the probability to corrosion 
initiation.  
 
The pile analysed in Figure 6-4 was poured in 1985 with a concrete mix design that 
was appropriate to that time. Contrastingly, Figure 6-10 and Figure 6-11 represent 
a theoretical concrete asset poured in 2001 from an improved concrete mix design. 
The difference in w/c ratio (0.6 compared with 0.4), also plays a major role in the 
resilience to chloride ingress. 
 
 
Figure 6-10 1200mm pile with A2 climate ( - extremity) 
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Figure 6-11 1200mm pile with A2 climate ( + extremity) 
Results indicate that existing concrete assets are already experiencing accelerated 
deterioration due to current changes in climate. As the possibility of more 
substantial variances in climate futures continue to present themselves, more 
profound effects on the deterioration curves may be observed. Further, it was found 
that chloride induced corrosion is significantly affected by the sea surface 
temperatures, with the splash and tidal zones being the most susceptible areas of 
the asset due to wetting and drying cycles. This is important as the exposure of 
assets will alter over time due to sea level rise and increased storm surge as a 
result of climate change. 
Any ambiguity in the collection of data given the variable nature of climate records 
should not act as an inhibitor or justification for not carrying out adaptation 
measures. Remedial options for chloride ingress vary from enlarged cover distance 
and modified concrete mix composition (in the design phase) to retro-fitted cathodic 
protection and paint-on coatings. The suitability of these remedial options depends 
significantly on cost and the stage of the deterioration; which demands that more 
detailed assessments need to take place on a case-by-case basis.    
The acceptance and implementation of such a model by industry demands that 
the interface and inputs remain simplified, while the calculation and modelling of 
the error function progress in the background. This was considered closely in the 
design and creation of the model. There is opportunity for further simplification 
of the model, such that it can be accessed from an online platform that extracts 
the weather data from relevant IPCC future climate records relevant to the 
location, with details on the relevant concrete standards of the area pre-loaded to 
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be drawn upon in the case that there is limited physical test data available – 
such as cover distance, cement content, standard design at time of construction.  
6.10.3. Recommendation to Suva industry/stakeholders 
The work carried out provides concise evidence around the necessity of re-visiting 
the current asset deterioration forecasting models and understand what input 
parameters are being used as part of the assessments. The data released within 
the IPCC’s assessment reports is evidence that supports the industrialised 
influence on a changing climate that currently shown firm forecast of increased 
frequency of extreme weather events, and a more aggressive corrosive 
environment for reinforced concrete structures.  
Following the research detailed with both the Port of Suva and The Port of 
Melbourne, there is also growing evidence to suggest that seaport authorities 
currently are not prepared for the effects of climate change to their assets as was 
surveyed by (Inoue et al., 2013). The inherent nature of the risks for these Ports 
is not only the age of the asset portfolio, the exposure, and the construction 
methodologies, but moreover the polices and abatement strategies that are 
instigated by the ports to protect themselves from the inevitable certainty of 
climate change.  
6.11.  Summary 
This engineering application, and the results obtained from the deterioration 
modelling for the Pacific context, provides valuable information for port 
authorities, enabling forward planning of operational downtime by port engineers 
by foreseeing chloride threshold triggers; from core sample tests to a full wharf 
replacement. In addition, shipping logistics, development and contracting services, 
engineering design professionals, and public infrastructure planners, can all make 
use of the outputs for more informed decision making in support of resilience 
strengthening. 
The results presented to the Port of Suva Engineering authority show the 
importance of accurate deterioration modelling software to be used in conjunction 
with the context of climate change. The modelling software that was used within 
this research adopted with the localised conditions observed at The Port of Suva.  
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7 
CHAPTER SEVEN: REMEDIAL HYDROGEL 
TREATMENT 
7.1. Introduction 
To assist in withstanding the evident and forecasted consequences of climate 
change there have been many attempts from the commercial market to 
manufacture products to protect concrete structures from the harsh and corrosive 
environment.  
This chapter presents an investigation of a proprietary product; water borne 
colloidal silicate hydrogel which is typically applied in-situ to the external 
surface of a concrete asset which then penetrates through the pore matrix of the 
structure and reacts with the free moisture and calcium within the cement paste 
forming a silicate gel.  
The research assesses the impacts of applying the coating at the early stage of 
curing in comparison to late in the curing stages and the effect that this has on 
permeability compressive strength, and flexural strength.  
Following publication of this modelling into broader industry, the author was 
pursued to provide greater detail to an industry leader on the performance of a 
concrete sealant product that allegedly penetrated the pore matrix, and 
underwent a reaction with the alkali nature of the concrete and transformed into 
crystallised form.  
The product reviewed illustrates just one potential remedial option that is 
available to the market which can be used in a commercial sense and is claimed 
to provide increased internal curing, improved hardening and moisture 
protection.  
The experimentation procedure undertakes a number of methodologies to test the 
subject concrete both before and after the application of the proprietary product. 
The testing includes carbonation testing, compressive strength testing, flexural 
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strength testing, chloride ponding testing, water permeability testing, air 
permeability testing, UPV testing, Resistivity testing, Schmidt Hammer testing, 
and saline exposure testing. 
In addition to these reference tests, FTIR analysis, XRD analysis, and X-ray 
tomography were employed to understand the penetration depths by identifying 
a chemical compound within the product that was not typically evident within 
concrete. This could then be used as an indicator of whether the solution is 
present within a certain sample of material which could lead to identifying the 
precise depths that the sample penetrates to. 
7.2. Benchmarking concrete treatment products 
There are many proprietary products in the current market of concrete 
remediation which can often be categorised into two distinct groups: 
Silane/siloxane hydrophobic treatments and silicate-based pore blocking 
treatments. Of both groups, there are variations of application method and 
viscosity which define the applicability of one certain product over another. 
Silicon based compounds which are also referred to as hydrophobic pore liners 
repel the transmission of water however will permit the flow of vapour which 
assists with concrete curing and drying if applied early. Typically, these products 
are silicon-based and will include silanes, siloxanes, or silicone resins. A reaction 
takes place with these products and moisture, alkali, or carbon dioxide which 
then forms into a silicon polymer which also can produce efflorescence as a bi-
product. Although the silanes and siloxanes will from into a silicon polymer once 
within the pore matrix, the application of a silicon polymer directly is not as 
effective as it will not penetrate the micro cracks and capillaries.  
These silicane molecules are made of single silicon atoms which form part of 
organic alkyl groups: 
−𝐶𝑥𝐻𝑦     𝑜𝑟    − 𝑅 
The alkoxy groups will create a polymer that adheres to the cementitious binder 
within the concrete mix itself and will react with alkali from free hydrated 
cement silicates or free silane molecules. These groups are: 
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−𝑂 − 𝐶𝑥𝐻𝑦     𝑜𝑟    − 𝑂𝑅 
Some silane/siloxane products that are applied as a gel or cream will not 
experience the same evaporation or run-off as less viscous liquids, however these 
products will typically need to be re-applied at intervals of 10-15 years depending 
on the surrounding environment, depth of chloride ion ingress at the time of 
application, and the physical cover of the concrete. Of this group, silanes are the 
smaller molecules which will typically demonstrate superior penetration through 
micro cracks whereas siloxanes are less prone to evaporation or wastage as they 
are larger molecules.  
Some siloxane products have been known to increase rates of carbonation as a 
result of increasing the rate of dryness within the concrete, however the 
subsequent rate of corrosion within the concrete will eventually decrease. If there 
is a concentration of bound chloride ions already present within the concrete, 
these will often be expelled through the aforementioned process of carbonation. 
This has been tested by Mirmiran et al. (2004) and was found to ultimately 
reduce the chloride ion concentrations over longer periods of time.  
Silane/Siloxane treatments will also reduce the ingress of moisture generally 
which is another accelerant of the corrosion process. This moisture will also 
likely carry deleterious ions as it penetrates the pore matrix which also increases 
the rate of corrosion within the concrete. Such treatments have also been noted 
to not perform in the same manner when applied to high strength or low porosity 
concrete. Sandeford et al. (2009) noted that early treatment of poor quality 
concrete at an early stage can inhibit the curing process of the concrete as the 
silane/siloxane treatments will often draw moisture away from the cement curing 
process which will have deleterious impacts on the longer-term performance of 
the concrete.  
The other group of the market treatments that perform marginally differently to 
the silane/siloxane range are the silicate-based products that are known for being 
more effective in reducing carbonation. These treatments which are 
distinguished as hydrogel ‘pore-blocking treatments’ will typically maintain 
greater resistance when there is a higher external pressure gradient. This occurs 
on concrete assets that are continuously submerged at greater depths in water or 
have ground pressures induced from surrounding soils. A large majority of this 
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range known as crystalline are based on the inclusion of very fine Portland 
cement which reacts with the moisture once within the pore matrix to form 
additional crystalline calcium alumina silicate hydrates. Similarly; the alkali 
silicate solution of potassium silicate or lithium silicate react with the calcium 
hydroxide within the concrete’s cement paste to form hydrophobic and non-
dissolving gels within the pore matrix.  
Finally, acrylic membranes are applied in a two-part procedure whereby a sealer 
product will be applied which crystallises within the surface cover of the pore 
matrix. Although these products are costlier to apply, and have a longer curing 
time, they provide more of a surface barrier to moisture and chloride ions instead 
of a penetrating substance through the pore matrix. Although the acrylic 
membranes will perform better than any other to higher pressures of moisture 
and damaging ions, they are prone to external mechanical damage which 
jeopardises the integrity of the sealant and as such, these are not appropriate for 
use in high traffic areas such as port dolphins, transfer decks, or high-traffic 
wharves.  
7.3. Chemical analysis of the product 
A chemical analysis was conducted on the makeup of the proprietary product’s 
solution to clearly identify the polymeric materials within the chemical. FTIR 
analysis was conducted to produce the absorbance spectra which illustrated the 
unique chemical bonds and the molecular structure of the solution. The peaks of 
absorbance identified the elements of higher concentration and functional groups 
such as ketones, acid chlorides, and alkanes. The varying wavelengths that are 
illustrated within the results show the different types of bonds that are present. 
This raw data that was recorded in absorbance has the ability to be inverted to 
represent the transmittance which is used within the scanning electron 
microscopy section of these studies.  
This spectrum has been identified as the following: 
Search Score Search Reference Spectrum Description 
0.471518 POLYACRYLAMIDE 
0.448411 POLYACRYLAMIDE, CARBOXYL MODIFIED LOW CARBOXYL CONTENT 
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Figure 7-1 FTIR analysis of Sealant solution 
The two principal groups that are identified are Polyacrylamide and Carboxyl 
Compounds. The analysis shows a minimal incidence between 3700 – 3200cm-1 
which suggests a very small amount of alcohols, terminal alkynes, or N-H 
stretches. The results further show some existence of Sp2 carbons and aldehydes 
within the 3200 – 2700 cm-1 range however these C-H bonding relationships will 
often be more closely related to organic elements which are not likely to be 
discernible within the concrete mix analysis once the solution is applied. 
However, the small peaks around 3000 cm-1 do hold close resemblance to the 
aforementioned Sp2 carbons which should be recorded.  
Within the above analysis there is a close representation of the Ketone, a 
compound that contains a carbonyl group =C=O which is bonded together by two 
hydrocarbon groups being formed by oxidizing secondary alcohols. This is shown 
through the number of photons present between 1750 and 1705 cm-1 which shows 
the value of these ketones however can also apply to aldehydes. Aldehydes will 
also typically show peaking between 3200 – 2700 cm-1 which is slightly evident 
within this analysis however not of a convincing magnitude to unanimously 
detail this element as part of the Amide group which is shown in Figure 7-2. 
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Figure 7-2 Analysis of Hydrogel Product 
7.4. Chemical analysis of material at various depths. 
The presence of polyacrylamide in the solution is evident in the solution and 
within the samples that were tested at various depths which indicate penetration 
past 30mm. Each segment was cored and sliced using a method to that presented 
in the previous saline testing section.  
 
Figure 7-3 XRD Analysis on 0-10mm Concrete sample with product applied (90 days) 
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Figure 7-4 XRD Analysis on 10mm-20mm Concrete sample with product applied (90 days) 
 
Figure 7-5 XRD Analysis on 20mm-30mm Concrete sample with product applied (90 days) 
Figure 7-5 shows that here is a strong indication of a Polyacrylamide ground 
within the concrete samples at 10mm increments to 30mm in depth. This proves 
that there is evidence of the penetrating sealer to a depth of 30mm which may 
also penetrate to further depths.  
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7.5. Experimentation procedure 
Table 7-1 Mix Designs of Concrete Sealant Testing 
 Mix 1 Mix 2 Mix 3 Mix 4 
Name GGBS 30% Fly Ash OPC 20% Fly 
Ash 
Pour Date 4/11/2015 10/11/2015 17/11/2015 22/11/2015 
Time of pour 14:20 15:35 11:15 10:15 
Temperature at Pour 26.5 27.5 24.5 25.7 
Properties of Concrete Mix Design 
Grade F’c 40 MPA 40 MPA 50 MPA 60 MPA 
Slump 80 80 80 80  
Cement Content 272 280 378 448 
Cement Type GP GP GP GP 
Fly Ash 0 30 % (120) 0 20% (112) 
GGBS 91 0 0 0 
Total Cementitious Content 363 400 378 448 
Nominal water 180 180 170 200 
W/C Content 0.48 0.45 0.45 0.35 
20 mm Aggregate 530 530 510 445 
14mm Aggregate 550 550 550 640 
Manufactured Sand 770 770 791 513 
 
Concrete was ordered and casted into a variety of moulds depending on the 
testing procedure that was to be undertaken on the particular mould. A summary 
of the moulding schedule is shown in Table 7-1 
Chloride testing on treated and untreated samples was carried out on 200mm x 
200mm cubes that were transferred to simulated saline tanks within a humidity 
and temperature chamber set at 25 degrees; 50% RH. Samples were exposed to 
the periodical spray environments of 30ppt chloride every 12 hours to most 
closely match that of average seal salinity levels and the splash zone of a 
concrete asset.  
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7.6. Performance of the product on chloride ingress 
Utilising a similar experimentation procedure and testing methodology to the 
broader research, both treated and untreated samples of various concrete mix 
designs were prepared and exposed to saline environments to resemble typical 
oceanic concentrations (30ppt).  
Coring and grinding of samples was carried out following AS1012.20 – 1992 
Method 20 – Determination of chloride and sulphate in hardened concrete and 
concrete aggregates.  
The preparation of samples involves a minimum of 50 grams passing the 150 µm 
sieve with total of not less than 20 g which is required to be prepared.  This 
powder is then tested by the NATA approved laboratory in accordance with 
BS1884 testing procedure. 
Concrete Type Depth Chloride Content 
 (% binder) 
30 % FA UNTREATED 2.5 3.45819 
30 % FA UNTREATED 10 0.639 
30 % FA UNTREATED 17 0.24826 
30 % FA UNTREATED 24 0.22761 
30 % FA UNTREATED 32 0.23801 
OPC UNTREATED 2.5 4.88729 
OPC UNTREATED 10 2.02745 
OPC UNTREATED 17 0.92753 
OPC UNTREATED 24 0.39214 
OPC UNTREATED 32 0.26873 
GGBS UNTREATED 2.5 4.04398 
GGBS UNTREATED 10 1.91436 
GGBS UNTREATED 17 0.59813 
GGBS UNTREATED 24 0.22763 
GGBS UNTREATED 32 0.21736 
30% FA TREATED 2.5 3.5695 
30% FA TREATED 10 0.77288 
30% FA TREATED 17 0.17609 
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Concrete Type Depth Chloride Content 
 (% binder) 
30% FA TREATED 24 0.18654 
30% FA TREATED 32 0.22749 
OPC TREATED 2.5 5.0025 
OPC TREATED 10 2.3476 
OPC TREATED 17 0.3717 
OPC TREATED 24 0.2584 
OPC TREATED 32 0.2587 
GGBS TREATED 2.5 2.399 
GGBS TREATED 10 1.2668 
GGBS TREATED 17 0.4437 
GGBS TREATED 24 0.2174 
GGBS TREATED 32 0.2483 
 
 
 
 
Figure 7-6 Comparison of Concrete - Untreated/Treated Sample 1 
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Figure 7-7 Comparison of Concrete - Untreated/Treated Sample 2 
 
 
Figure 7-8 Comparison of Concrete - Untreated/Treated Sample 3 
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superior performance in the GGBS concrete as opposed to the OPC and the 30% 
FA. As discussed earlier, such silicate penetrating products will often depend on 
free alkalis within the concrete mix to react and form a micro-silicate gel. As the 
GGBS mix is likely to have the highest concentration of free alkalis present, this 
would undergo higher reactions and forming of the micro-silicate gel.  
As this gel is formed and crystallises within the pore matrix, it prevents the 
transmission of chloride ions through the concrete cover to the steel 
reinforcement. It is worthwhile noting that the chloride content at lower depths 
within the sample shows not only a significantly reduced concentration (at 
17.5mm) of chlorides but also less discernible difference between the treated 
sample and the untreated sample.  At depths greater than 17.5mm, this is 
unlikely to be the result of the effectiveness of the penetrating sealer and more a 
representation of the time elapsed (6 months) to allow chlorides to penetrate to 
this depth.  
7.7. Performance of product on concrete 
characteristics 
7.7.1. 28-day data 
The data attained at 28 days showed that the hydrogel product provided little 
influence on the compressive strength of the samples as very similar results were 
achieved. It is important to note that these results depict the average of three 
sample tests for each experiment Table 7-2  also details the very small influence 
that the treatment had on the flexural strength of the specimens after just 28 
days.   
Table 7-2 28 Day Data of Physical Characteristics 
Mix Compressive Strength 
(MPa) 
Modulus of Elasticity 
(GPa) 
Poissons Ratio 
 Control Treated Control Treated Control Treated 
GGBS 37.09 36.69 26.04 29.62 0.27 0.27 
PFA 21.7 22.05 21.43 20.76 0.26 0.26 
OPC 35.21 37.85 28.65 28.85 0.3 0.29 
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Table 7-3 does show a consistent influence on the resistivity between the treated 
and untreated samples. This is discussed later in this chapter. 
Table 7-3 28 Day Data of Physical Characteristics 
Mix Resistivity(kohm.cm) UPV (m/s) Schmidt Hammer 
 Control Treated Control Treated Control Treated 
GGBS 197 123 3890 2530 18.71 19.9 
PFA  
69 
 
39 
 
2400 
 
2320 
 
21.89 
 
24.33 
OPC 29 28 2900 2590 25.56 22.88 
 
Of most notable difference, we see Table 7-4 showing the air and water 
permeability illustrating a significant difference between the treated and 
untreated specimens.   
Table 7-4 28 Day Data of Physical Characteristics 
Mix Air Permeability Index 
Water Permeability (m
3
.t
0.5 
x 10
-
7
) 
 Control Treated Control Treated 
GGBS 0.2725 0.0146 2 0.6 
30 
%PFA 
 
0.1761 
 
0.0692 
 
100 
 
1 
OPC 0.5583 0.1399 5 5 
 
7.7.2. 90-day data 
The 90-day data showed similar trends to the 28-day data however exemplified 
some of differences between the treated and untreated values. This has occurred 
because the concrete has had greater time to cure and any influence of the 
hydrogel product will have made their influence on the physical concrete curing 
process. This is shown in Table 7-5, Table 7-6, Table 7-7, and Table 7-8 where a 
carbonation test was conducted. 
Table 7-5 90 Day Data of Physical Characteristics 
Mix Compressive Strength 
(MPa) 
Modulus of Elasticity 
(GPa) 
Poissons Ratio 
 Control Treated Control Treated Control Treated 
GGBS 29.36 37.72 29.98 30.16 0.27 0.28 
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Mix Compressive Strength 
(MPa) 
Modulus of Elasticity 
(GPa) 
Poissons Ratio 
30 
%PFA 
 
27.59 
 
23.21 
 
22.75 
 
20.56 
 
0.22 
 
0.24 
OPC 38.89 39.48 26.67 27.69 0.25 0.28 
 
Table 7-6 90 Day Data of Physical Characteristics 
Mix Resistivity(kohm.cm) UPV (m/s) Schmidt Hammer 
 Control Treated Control Treated Control Treated 
GGBS 100 100 2850 2000 28.53 29.82 
30 
%PFA 
 
230 
 
140 
 
2400 
 
2100 
 
23.73 
 
24.33 
OPC 142 97 2700 1650 25.16 25.93 
 
Table 7-7 90 Day Data of Physical Characteristics 
Mix Air Permeability Index 
Water Permeability (m
3
.t
0.5 
x 10
-
7
) 
 Control Treated Control Treated 
GGBS 0.0072 0.2609 1 3 
30 
%PFA 
 
0.2055 
 
0.3084 
 
7 
 
4 
OPC 0.048 0.3429 2 6 
 
7.7.3. Carbonation data 
Table 7-8 90 Day Carbonation Data 
Carbonation Data 
 Control Treated 
GGBS 6.00 4.50 
30% PFA 11.25 17.75 
OPC 8.00 7.00 
7.8. Discussion of results 
The resistivity of the concrete testing showed consistent improvement between 
the treated and untreated samples at 28 days, however this variance decreased 
THE EFFECTS OF CLIMATE CHANGE ON THE RATES OF CHLORIDE INGRESS INTO REINFORCED CONCRETE IN SEAPORT INFRASTRUCTURE. 
 
256 | DOCTOR OF PHILOSOPHY (ENGINEERING) | ANDREW COLIN HUNTING 
at 90-day testing. The resistivity was taken as an index of the ability for ions to 
flow through the concrete probes. The following index is taken from (ASTM 
C1202 - 10, 2004) which defines: 
When ρ ≥ 120 Ω-m corrosion is unlikely 
When ρ = 80 to 120 Ω-m corrosion is possible 
When ρ ≤ 80 Ω-m corrosion is fairly certain 
The lowest resistivity was seen in the OPC concrete at 28 days and was shown to 
be consistently lower in the treated sample when compared to the untreated 
sample. In reference to the above benchmarks for resistivity, there remains a 
comfortable margin between the recorded resistivity of 280 Ω-m and 120 Ω-m 
when corrosion is possible through the concrete. At 90 days, this resistivity was 
improved in both the treated and untreated samples to levels that far exceed that 
of presenting a corrosive material.  
Of important relevance within these results is the UPV testing conducted on both 
the 28 days and 90-day samples. The following formula was used to calculate the 
UPV speed through the concrete:  
𝑃𝑢𝑙𝑠𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 𝑓𝑟𝑜𝑚 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟
𝑇𝑖𝑚𝑒 𝑡𝑎𝑘𝑒𝑛 𝑓𝑜𝑟 𝑝𝑢𝑙𝑠𝑒 𝑡𝑜 𝑡𝑟𝑎𝑣𝑒𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 
 
In every concrete mix design tested, the UPV demonstrated that there was a 
decline in the apparent density and consistency of the concrete material once the 
proprietary surface treatment was applied.  These results do prove that applied 
product does penetrate the concrete pore matrix and expels moisture from the 
concrete voids. Once this moisture is expelled, the UPV travels slower through 
the now empty voids than it does through the moisture filled voids in the control 
samples.  
The raw 28-day UPV data within the control sample shows higher pulse transfer 
when compared to the 90 days control samples as a result of moisture from 
curing still being present within the pores. This variance demonstrates the 
eventual curing and drying process of the concrete over the 90-day period.  
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The results detailed following the UPV testing also support the permeability and 
inherit resistance of the concrete mix to the penetrating chloride ions. The GGBS 
concrete consistently shows higher density and lower porosity from the UPV 
results and this is validated in the chloride content levels whereby GGBS is the 
superior mix with respect to chloride concentration.  
Carbonation testing also supported the optimal permeability of the GGBS mix 
when compared to the other mix designs. Both the GGBS and the OPC showed 
an improvement on the prevalence of carbonation when the sealant treatment 
had been applied. The results showed inconsistencies with the 30% FA mix which 
do not follow the results of the remaining mixes or those of wider literature this 
is likely to be due to an uncharacteristically high level of FA within this specific 
mix. This became evident through the results of the hydration testing conducted. 
7.8.1. SEM Imaging Results 
, The following results demonstrate the imagery attained from the SEM 
techniques. An extended amount of time was spent on improving resolution while 
also deriving definition of the images to illustrate the presence of the proprietary 
sealant product prior at the various depths. The methodologies and system 
requirements that were employed are noted within the methodologies chapter of 
this research.  
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Figure 7-9 FA Mix (No2) – 0-10mm  Sample 4 – UNTREATED 
 
 
Figure 7-10 FA Mix (No2) – 10-20mm  Sample 4 – UNTREATED 
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Figure 7-11 FA Mix (No2) – 20-30mm Sample 4 – UNTREATED 
 
 
Figure 7-12 FA Mix (No2) - Sample 1 - 0-10mm TREATED 
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Figure 7-13 FA Mix (No2) - Sample 1 - 10-20mm TREATED 
 
 
Figure 7-14 FA Mix (No2) - Sample 1 - 20-30mm TREATED 
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7.8.2. Discussion of results from SEM imaging 
The testing procedure of the scanning electron microscopy did not graphically 
illustrate the presence of the proprietary surface treatment. There also was not 
distinguishable evidence of pore structure change, however, there is some 
subjective evidence of the undulations on the pieces of aggregate of the treated 
samples showing a smoother surface which could be an indication of a coating of 
the aggregate which would suggest a successful crystallisation around the ITZ of 
the aggregate. However, as each image is not of the same elements of aggregate 
in a ‘before and after’ coating situation, it is difficult to accurately define whether 
this is evidence of the surface treatment or characteristic of the variance of 
aggregate.  
There is also some argument that the treated samples do show some evidence of 
a ‘glazing’ over the smaller sand-like pieces of the concrete mix. This could 
though be the result of a contrast difference or irregularity of the surface 
preparation procedure that occurred on each sample prior to being subjected to 
the electron gun.  
The imagery and results provided do not have a major impact on the pore 
characteristics at a macro level; however, these changes could still be evident at 
the micro level. A possible area of further research would be the use of energy-
dispersive x-ray spectroscopy (EDS/EDX) whereby elemental analysis would be 
carried out on each sample to review the presence of particular groups other than 
amides that are present within the hydrogel product. 
The results presented from the FTIR analysis could then be compared to prove 
the existence of Polyacrylamide and Carboxyl Compounds at the various segment 
depths of samples which would prove on the EDS spectrum that particular 
compound was present. Importance would be placed on the untreated samples to 
ensure that Polyacrylamide and Carboxyl Compounds were not inherently 
present in the typical concrete mix from silicates or admixtures of the concrete 
that would misinform the user of the evidence of the surface sealant.  
THE EFFECTS OF CLIMATE CHANGE ON THE RATES OF CHLORIDE INGRESS INTO REINFORCED CONCRETE IN SEAPORT INFRASTRUCTURE. 
 
262 | DOCTOR OF PHILOSOPHY (ENGINEERING) | ANDREW COLIN HUNTING 
7.9. Recommendations for use of surface treatments 
for concrete asset owners 
The use of surface treatments on concrete assets must be individually analysed 
and specified depending on the age, exposure, mix design, and use of each 
particular asset. For example, while an acrylic-based membrane may be highly 
appropriate at great depths for a submerged concrete pile due to its resistance to 
pressure gradients, it would not be appropriate for the splash zone and above if 
the pile is subjected to mooring vessels that are prone to damaging the integrity 
of the membrane. Surface treatments of all forms are most effective when they 
are intended to prolong the time to corrosion initiation.  
When undergoing the process of applying surface treatment to existing assets, 
infrastructure engineers should always consider extending the treatments areas 
to assets that do not yet show signs of corrosion initiation as a preventative 
measure rather than a reactive solution to degrading assets only. In doing so, 
statistically based evaluations should be made of all assets in consultation with 
thorough inspection reports which feed into the life cycle analysis of a structure.  
Such life-cycle analysis should include consideration of the current condition of 
the structure and the duration to corrosion initiation, the remaining service life 
of the structure, whether operational downtime can practically be accommodated 
to allow for the application of such treatments, and finally; the indirect costs 
associated if no action is taken and the comparative operational downtime 
impacts of the failure of an asset. The consideration of all of the aforementioned 
factors will provide a concise direction to the asset owner on the urgency and the 
method of surface treatments that are most appropriate for a particular asset. 
To increase the effectiveness of such treatments, application of any product must 
be carried out prior to corrosion initiation occurring on the steel reinforcement. 
Application after this time has been shown to marginally slow the rates of 
corrosion however the gradient to unserviceability of assets will invariably 
continue to decline.  
The application of any surface treatments once specified should include 
consultation with the product manufacturer and regular inspections to ensure 
that application is in accordance with the product specifications.  
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Once an asset has received a treatment, it is important for the asset managers 
and engineers to clearly define an assessment and inspection procedure moving 
forward. This should cover the logging and assessment of chloride concentrations 
at various depths to detail performance or failure of any surface applied coatings 
and will dictate any necessity for re-application. 
7.10.  Summary 
The introduction into remedial measures presents the results of a proprietary 
product’s testing regime over a 12-month period on a number of standard-grade 
concrete mix designs. The testing procedures have shown the effectiveness of a 
proprietary surface treatment product on the GGBS concrete was more so than 
any other mix design which is explained earlier in the chemical reactions that 
take please between the product and the evidence of alkalis within the slag.  
The results show a trend of lower permeability from the pores of the concrete in 
the treated samples as opposed to the untreated samples. This is an important 
consideration as early application of the product is likely to expel the moisture 
required for the hydration process of the cement and curing of the concrete. This 
could lead to a lowering of structural and flexural performance which was only 
evident in some of the concrete mixes presented in this research.  
The FTIR testing presented here did support the notion that there was product 
penetration to at least 30mm into the concrete cover. Given the typical minimum 
cover that would be found specified in seaport design is 40-45mm, the evidence of 
penetration to 30mm is adequate.  
The recommendations that have been presented strengthen the importance of 
asset infrastructure stakeholders to be well informed in the selection and 
application procedure of surface treatments as the appropriateness of certain 
products will vary depending on the application.  
The research presented in this chapter provided a systematic overview of 
assessing the performance of a hydrogel sealant developed as a preventative 
treatment of concrete infrastructure. The research and conclusions have defined 
the considerations during the life cycle analysis programming for seaport asset 
managers which holds true relevance to industry today. The assessment of the 
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costs of early prevention measures as opposed to inaction and long-term 
operational downtime are very important in the selection of the asset 
management plans.  
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8 
CHAPTER EIGHT: CONCLUSIONS AND 
RECOMMENDATIONS 
The research presented within this thesis has covered in specific detail the 
impacts that a changing climate will have on seaport infrastructure stakeholders. 
The results fulfil a gap in knowledge that previously was not covered concisely by 
literature. The research has successfully demonstrated that the environment 
surrounding concrete assets plays a major role in the dilapidation and 
serviceability limit state of that asset.  
8.1. Deliverables provided from research  
The research has clearly defined the elements from the GCCMs that are of 
greatest influence to infrastructure managers and which must be considered in 
long term deterioration modelling.  Throughout the duration of the research, the 
following conclusions can be made to fulfil gaps within knowledge: 
1. Analysis of Global Climate Change Models clearly demonstrates that 
there will be a significant increase in sea salinity in some parts of the 
world, which may affect seaport infrastructure life expectancy.  
2. A comprehensive review of current literature on chloride ingress in 
concrete structures exposed to marine environments indicated that sea 
salinity is not currently considered as a variable affecting chloride ingress 
in concrete. None of the existing models capture the effect of climate 
change on chloride ingress. 
3. An experimental methodology was developed to examine the effects of sea 
salinity and the climate variables such as temperature and humidity on 
chloride ingress rates within seaport infrastructure. The methodology 
included over 400 testing samples from simulated environments, to 
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provide a concise overview of results that could confidently be analysed to 
provide an improvement to current chloride ingress forecasting equations. 
4. Outcomes of the experimental study: 
a. Demonstrated that sea surface salinity has been proven to influence 
the rates of chloride ingress and consequently the time to corrosion 
initiation. The three-year testing procedure has shown significant 
influence up to depths of 35mm with the most significant at depths 1-
10mm. This quantifiable finding validates the need for more location 
specific modelling which considers the values of free chlorides at the 
asset location.  
a. Showed the influence of temperature on the rate of chloride ingress 
has been demonstrated in a controlled environment which, over a 
three-year period; is unique within current literature. The results 
showed that the higher proportion of free chloride ions within the 
surrounding environment, increased wetting and drying cycle time 
will inevitably move a higher concentration of ions. As such, the 
environments with lower saline concentration will not express the 
same dependency of the surrounding temperature as these 
environments are comparatively diluted resulting in movement of 
more water molecules through the pore matrix in lieu of the chloride 
ions. 
b. Explored and defined through the parallel testing procedures with the 
research partner in China, that in almost every case, the concrete 
mixes that possess a higher fly ash content show lower chloride 
content with typically the largest distortion of performance being 
between the 20 and 30% FA increments. These results contribute to 
wider research as they provide a benchmark for mix designs of 
concrete that are typically seen in construction within Chinese and 
Australian Ports and a detailed analysis on how the various FA 
contents will vary the degrees of chloride ingress.  
5. The difference in exposure conditions between continuous turbidity, 
submerged, and the tidal/splash zone was quantitatively demonstrated 
through the pozzolanic admixture testing procedure. This testing 
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procedure demonstrated that the flow dry exposure condition being the 
one in which the specimen was removed from the tank and re-inserted 
after drying – to simulate a tidal zone, was the exposure type that 
convincingly showed the highest ingress when compared to the static flow 
and the flow wet procedures. These values will be utilised in future 
research to quantify and prove the highest risk areas of assets which can 
then be taken forward decision making of priority areas for remedial 
solutions.  
6. The Micro-imaging research through the X-ray tomography and the 
synchrotron light source illustrated a new area and methodology of 
accurately quantifying the interconnectivity and volume of voids within a 
concrete specimen. The research has proven how a variance in 
environment will change not only the rate of ionic movement through the 
pore matrix however will predominantly dictate the variations of the pore 
structure itself. This provides the quantifiable evidence in support of 
environmental characteristics being included in the modelling of chloride 
ingress and inclusion of the mechanical changes that need to be 
considered during the research.  
7. An empirical expression has been proposed for chloride ingress in 
concrete which includes sea salinity, water/cement content, and 
temperature. The quantitative formula presented fulfils a gap in 
knowledge that has previously relied on a standard ionic transport 
equation that did not encompass the influential variables relevant to 
chloride ion movement through concrete: 
If AWC_Ratio=0.47 then: 
𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒_𝐶𝑜𝑛𝑡𝑒𝑛𝑡
= .536 +  .846 ∗ 𝐴𝑊𝐶_𝑅𝑎𝑡𝑖𝑜 +  .885 ∗ 𝐷𝐸𝑃𝑇𝐻_2 +  .215 ∗ 𝐷𝐸𝑃𝑇𝐻_10  
− .387 ∗ 𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_00 − .554 ∗ 𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_10 − .411 ∗  𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_20. 
 
If AWC_Ratio=0.37 then: 
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𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒_𝐶𝑜𝑛𝑡𝑒𝑛𝑡
= .536 +  .885 ∗  𝐷𝐸𝑃𝑇𝐻_2 + .215 ∗  𝐷𝐸𝑃𝑇𝐻_10 − .387
∗  𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_00 − .554 ∗ 𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_10 − .411 ∗  𝑆𝐴𝐿𝐼𝑁𝐼𝑇𝑌_20. 
 
The equations in their current state can be adopted more widely 
throughout literature to increase the accuracy of long-term chloride 
ingress.  
1. A numerical modelling methodology and a tool have been developed to 
analyse the effect of the changing climate on chloride ingress in seaport 
infrastructure and the resultant corrosion initiation time. The tool used 
the newly used empirical expression to incorporate sea salinity and other 
variables into the modelling. The data produced by this model will be 
instrumental to life cycle analysis and decision making within industry 
into the future. 
2. Application of the modelling technique is through the case study of the 
Port of Suva. The adaptability of this model by a mid-scale seaport proves 
the adaptability and relevance of the data for infrastructure managers 
already facing the effects of a changing climate.  
3. The research has also examined the benefits and appropriate uses for 
remedial surface treatments through an extensive testing regime of a 
proprietary product. The results clearly indicate the importance of careful 
planning and timing of application and how this can impede the natural 
curing processes of the concrete. Scanning electron imagery is also utilised 
to define the limitations of graphically identifying sealant products and 
recommendations for surface sealant product selection and penetration 
depth testing.  
8.2. Response to research questions  
The research conducted has provided a clear and concise response to the research 
questions through an extensive literature review, the experimental procedures 
and testing regimes, comprehensive numerical modelling section, and 
demonstration of application of knowledge through case studies of seaports and 
remedial products.  
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The following section demonstrates how each of the research questions have been 
answered: 
1. How can sea salinity variance be incorporated into chloride ingress 
modelling? 
The comprehensive experimental study followed by imaging techniques has 
addressed the research question. Two empirical expressions have been derived to 
predict chloride ingress as a function of water cement ratio, sea surface salinity, 
temperature, and depth. The literature review outlined the elements of climate 
change that presented themselves to be the most detrimental to chloride ingress 
in coastal concrete infrastructure. This included analysis of various GCMs and 
discussion on how future climate predictions developed from the IPCC over the 
course of the research. The research then continued into the comprehensive 
experimental program to isolate each variable and understand how each of these 
elements would individually vary the rate of chloride ingress.  
2. Why is a change in the surrounding environment of a concrete asset 
influencing rates of chloride ingress and how can this be measured in 
a controlled environment? 
Development of the experimental program addressed this. The experimental 
procedure and equipment used demonstrate a systematic methodology of 
addressing the need for conducting experiments within this field in a controlled 
environment.  
X-Ray imaging techniques showed why the experimental factors led to variation 
in chloride ingress rates. This is a result of changes to the microstructure of the 
concrete pore matrix.  
3. How can concrete deterioration modelling be improved to capture the 
changing environment and its effect on chloride ingress? 
The impact of sea salinity changes is addressed by development of the numerical 
modelling procedure which incorporates climate models and allows input from 
the improved ingress models as they are developed. Application of this is 
demonstrated using the Port Suva case Study.  
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The questions that were presented at the commencement of the research have all 
been addressed by assessing the current state of the knowledge within literature, 
and then providing additional research and experimentation to answer these 
gaps within academia.  
8.3. Recommendations for future research 
The imposing threat of the effects of climate change has progressed significantly 
since the commencement of the research. During the commencement of the topic, 
there had been widespread scepticism surrounding the existence and causes of 
global climate change. This has now shifted to general acceptance and a focus on 
adaptation of how to address the inevitable impacts that will need to be endured 
in the future.  
The research conducted is instrumental in preparing and addressing the impacts 
that are already proving evidence on seaports around the world. For countries 
where the operation of seaports is vital to the prosperity and trade of the nation, 
it is critical that tools such as the one presented in this research is used to more 
accurately assess operation downtime, life cycle analysis, remedial works, and 
serviceability limit state durations.  
The findings proceeding this research can be categorised into two distinct 
recommendations. Firstly, structural engineers must acknowledge the weighting 
of the variables and the impacts that each of these have on the eventual chloride 
content within concrete. This can be verified through the simulations of the 
numerical modelling to understand how a changing climate will impact the 
eventual time to corrosion initiation. Consideration of these factors is to be built 
into the design phase of structural design to ensure the longevity of the asset 
within an inevitable context of climate change. 
Second, existing assets that are currently undergoing deterioration must 
urgently be reviewed and undergo a life cycle analysis. The tool for port 
infrastructure owners provides the basis for accurate long-term life cycle 
analysis. The early identification of ‘at risk’ assets presents options for remedial 
treatments, such as the preparatory sealant products discussed in this research 
which assist in slowing the time to corrosion initiation. However, without early 
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inception and use of this tool on existing structures, the options for more 
economical treatments diminish and the risk of larger scale rectification, gross 
operational downtime, or structural failure increase.  
8.4. Future works 
As occurred during the period of research, the IPCC provides continual 
improvement to the GCMs and localised climate forecasts. As this new data is 
released, the revised modelling values should be included in the end-to-end tool 
modelling to maintain an up-to-date standard of reporting and accuracy. This 
input can be simplistically manipulated in the back-end data of the model.  
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10 
APPENDICES 
APPENDIX A: Superplasticiser: 
Superplasticisers used within experimentation 
The mix design used to simulate the concrete mix used within a seaport design is 
the same as that specified through one of the sample Ports (Port Kembla). As 
such, the two principal superplasticisers used are: 
GLENIUM 107 SURETEC 
This particular superplasticiser increases the flow ability and pump ability while 
also reducing the permeability, shrinkage, and creep. However, it should be 
noted that the degree of slump retention will depend on ambient temperature, 
mix design and dose rate. Generally, for a given mix design and dose rate, slump 
retention will be reduced with increasing temperature   
RHEOPLUS 75 
The RHEOPLUS75 works in a similar way to the GLENIUM 107 SURETEC in 
reducing the demand for water to achieve higher workability within a concrete 
mix design. The distinguishing factor of this synthetic chemical is that it will 
drag out the setting time of the concrete once it has been laid. The reasoning 
behind this is that it extends the time that may be required to improve finishes 
on the concrete but it will also ensure that the concrete does not crack as a result 
of drying too quickly from the effects of the GLENIUM107 superplasticisers and 
the lower than normal water to cement ratio.  
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APPENDIX B: Results from Regression Analysis and 
Sum of Least Squares 
 
CALCULATING SUM OF LEAST SQUARES - A.HUNTING 
  
Year built 2013 
    
Current Year 2016 
    
Age of structure 3 years 
   
Days 1095 
    
Seconds 94608000 
    
Cs 0.0004798 
    
      
D 4.63E-09 m2/s-1 
   
      
      
2*Dt^0.5 x x/2*Dt^0.5 
1-
erf((x/2*Dt^0.05)) 
Cxt=Cs[1-
erf[x/2*Dt^0.5]] Sum of Squares 
3.15103923 0.00300000 0.00095207 0.99892571 0.00047929 0.00000687 
3.15103923 0.00800000 0.00253884 0.99713523 0.00047843 0.00000263 
3.15103923 0.01300000 0.00412562 0.99534476 0.00047757 0.00000202 
3.15103923 0.01800000 0.00571240 0.99355432 0.00047671 0.00000023 
3.15103923 0.02300000 0.00729918 0.99176390 0.00047585 0.00000023 
3.15103923 0.02800000 0.00888596 0.98997353 0.00047499 0.00000023 
      
    
Total 2.70261E-06 
      
 
In doing so, the following answer report and limits report were generated: 
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Microsoft Excel 14.0 Answer Report 
   
Worksheet: [Regression of Least Squares.xlsx]Sheet1 
  
Result: Solver found a solution.  All Constraints and optimality conditions are satisfied. 
Solver Engine 
    
Solver Options 
    
       
Objective Cell (Min) 
    
 
Cell Name Original Value Final Value 
  
 
$H$21 
Total Sum of 
Squares 3.61E-06 2.70261E-06 
  
       
       
Variable Cells 
    
 
Cell Name Original Value Final Value Integer 
 
 
$D$8 Cs 8E-10 0.000479805 Contin 
 
 
$D$10 D 2.06E-09 4.63E-09 Contin 
 
       
       
Constraints 
    
 
NONE 
 
Microsoft Excel 14.0 Limits Report 
   
Worksheet: [Regression of Least Squares.xlsx]Sheet1 
 
       
 
  Objective   
   
 
Cell Name Value 
   
 
$H$21 
Total Sum of 
Squares 2.70261E-06 
   
       
 
  Variable   
 
Lower Objective 
 
Cell Name Value 
 
Limit Result 
 
$D$8 Cs 0.000479805 
 
0 0.00000361 
 
$D$10 D 4.63E-09 
 
4.63E-09 2.70E-06 
APPENDIX C: Correlation between measured and numerical modelling variables 
Table C-10-1 Correlation between measured and numerical modelling variables 
Sample # Concrete Depth w/c ratio Av. Depth Salinity (ppt) Temperature 
Chloride Content 
(% mass 
concrete) 
Estimated 
Chloride Content 
(% mass 
concrete) 
Varianc
e 
1 LPHS1a 0-5 0.37 2.5 10 15 ° 1.064 1.2703 0.21 
2 LPHS1a 8-12 0.37 10 10 15 ° 0.1864 1.0194 0.83 
3 LPHS1a 15-19 0.37 17 10 15 ° 0.135 0.9234 0.79 
4 LPHS1a 22-26 0.37 24 10 15 ° 0.1556 0.8610 0.71 
5 LPHS1a 29-35 0.37 32 10 15 ° 0.1351 0.8089 0.67 
6 HPLS1a 0-5 0.47 2.5 10 15 ° 1.2463 1.6452 0.40 
7 HPLS1a 8-12 0.47 10 10 15 ° 1.256 1.3943 0.14 
8 HPLS1a 15-19 0.47 17 10 15 ° 0.9067 1.2983 0.39 
9 HPLS1a 22-26 0.47 24 10 15 ° 0.8961 1.2359 0.34 
10 HPLS1a 29-35 0.47 32 10 15 ° 0.9685 1.1839 0.22 
11 LPHS2a 0-5 0.37 2.5 20 15 ° 1.5642 1.3468 -0.22 
12 LPHS2a 8-12 0.37 10 20 15 ° 0.2791 1.0960 0.82 
13 LPHS2a 15-19 0.37 17 20 15 ° 0.1555 1.0000 0.84 
14 LPHS2a 22-26 0.37 24 20 15 ° 0.2173 0.9376 0.72 
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Sample # Concrete Depth w/c ratio Av. Depth Salinity (ppt) Temperature 
Chloride Content 
(% mass 
concrete) 
Estimated 
Chloride Content 
(% mass 
concrete) 
Varianc
e 
15 LPHS2a 29-35 0.37 32 20 15 ° 0.2585 0.8855 0.63 
16 HPLS2a 0-5 0.47 2.5 20 15 ° 1.7294 1.7218 -0.01 
17 HPLS2a 8-12 0.47 10 20 15 ° 1.3593 1.4709 0.11 
18 HPLS2a 15-19 0.47 17 20 15 ° 1.2565 1.3749 0.12 
19 HPLS2a 22-26 0.47 24 20 15 ° 0.7526 1.3125 0.56 
20 HPLS2a 29-35 0.47 32 20 15 ° 0.6406 1.2604 0.62 
21 LPHS3a 0-5 0.37 2.5 30 15 ° 1.9048 1.4234 -0.48 
22 LPHS3a 8-12 0.37 10 30 15 ° 0.2584 1.1726 0.91 
23 LPHS3a 15-19 0.37 17 30 15 ° 0.2379 1.0765 0.84 
24 LPHS3a 22-26 0.37 24 30 15 ° 0.1968 1.0141 0.82 
25 LPHS3a 29-35 0.37 32 30 15 ° 0.135 0.9621 0.83 
26 HPLS3a 0-5 0.47 2.5 30 15 ° 2.0501 1.7983 -0.25 
27 HPLS3a 8-12 0.47 10 30 15 ° 1.8393 1.5475 -0.29 
28 HPLS3a 15-19 0.47 17 30 15 ° 1.7152 1.4515 -0.26 
29 HPLS3a 22-26 0.47 24 30 15 ° 1.5142 1.3891 -0.13 
30 HPLS3a 29-35 0.47 32 30 15 ° 0.7524 1.3370 0.58 
31 LPHS4a 0-5 0.37 2.5 40 15 ° 1.9889 1.5000 -0.49 
32 LPHS4a 8-12 0.37 10 40 15 ° 0.3305 1.2491 0.92 
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Sample # Concrete Depth w/c ratio Av. Depth Salinity (ppt) Temperature 
Chloride Content 
(% mass 
concrete) 
Estimated 
Chloride Content 
(% mass 
concrete) 
Varianc
e 
33 LPHS4a 15-19 0.37 17 40 15 ° 0.1717 1.1531 0.98 
34 LPHS4a 22-26 0.37 24 40 15 ° 0.3202 1.0907 0.77 
35 LPHS4a 29-35 0.37 32 40 15 ° 0.2585 1.0387 0.78 
36 HPLS4a 0-5 0.47 2.5 40 15 ° 2.6974 1.8749 -0.82 
37 HPLS4a 8-12 0.47 10 40 15 ° 2.1922 1.6241 -0.57 
38 HPLS4a 15-19 0.47 17 40 15 ° 1.9038 1.5280 -0.38 
39 HPLS4a 22-26 0.47 24 40 15 ° 1.4421 1.4656 0.02 
40 HPLS4a 29-35 0.47 32 40 15 ° 1.2561 1.4136 0.16 
41 LPHS5a 0-5 0.37 2.5 10 25 ° 0.7922 1.2518 0.46 
42 LPHS5a 8-12 0.37 10 10 25 ° 0.2893 1.0009 0.71 
43 LPHS5a 15-19 0.37 17 10 25 ° 0.3306 0.9049 0.57 
44 LPHS5a 22-26 0.37 24 10 25 ° 0.3129 0.8425 0.53 
45 LPHS5a 29-35 0.37 32 10 25 ° 0.3716 0.7904 0.42 
46 HPLS5a 0-5 0.47 2.5 10 25 ° 1.0606 1.6267 0.57 
47 HPLS5a 8-12 0.47 10 10 25 ° 0.8136 1.3759 0.56 
48 HPLS5a 15-19 0.47 17 10 25 ° 0.6806 1.2798 0.60 
49 HPLS5a 22-26 0.47 24 10 25 ° 0.5054 1.2174 0.71 
50 HPLS5a 29-35 0.47 32 10 25 ° 0.3921 1.1654 0.77 
SCHOOL OF ENGINEERING, ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY 
APRIL 2016 
 303 
Sample # Concrete Depth w/c ratio Av. Depth Salinity (ppt) Temperature 
Chloride Content 
(% mass 
concrete) 
Estimated 
Chloride Content 
(% mass 
concrete) 
Varianc
e 
51 LPHS6a 0-5 0.37 2.5 20 25 ° 1.2566 1.3284 0.07 
52 LPHS6a 8-12 0.37 10 20 25 ° 0.2586 1.0775 0.82 
53 LPHS6a 15-19 0.37 17 20 25 ° 0.4233 0.9815 0.56 
54 LPHS6a 22-26 0.37 24 20 25 ° 0.2481 0.9191 0.67 
55 LPHS6a 29-35 0.37 32 20 25 ° 0.2379 0.8670 0.63 
56 HPLS6a 0-5 0.47 2.5 20 25 ° 1.3907 1.7033 0.31 
57 HPLS6a 8-12 0.47 10 20 25 ° 1.0922 1.4524 0.36 
58 HPLS6a 15-19 0.47 17 20 25 ° 0.9167 1.3564 0.44 
59 HPLS6a 22-26 0.47 24 20 25 ° 0.6704 1.2940 0.62 
60 HPLS6a 29-35 0.47 32 20 25 ° 0.6493 1.2419 0.59 
61 LPHS7a 0-5 0.37 2.5 30 25 ° 1.6773 1.4049 -0.27 
62 LPHS7a 8-12 0.37 10 30 25 ° 0.3717 1.1541 0.78 
63 LPHS7a 15-19 0.37 17 30 25 ° 0.2574 1.0581 0.80 
64 LPHS7a 22-26 0.37 24 30 25 ° 0.1865 0.9957 0.81 
65 LPHS7a 29-35 0.37 32 30 25 ° 0.2408 0.9436 0.70 
66 HPLS7a 0-5 0.47 2.5 30 25 ° 2.5945 1.7799 -0.81 
67 HPLS7a 8-12 0.47 10 30 25 ° 2.3368 1.5290 -0.81 
68 HPLS7a 15-19 0.47 17 30 25 ° 2.1628 1.4330 -0.73 
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Sample # Concrete Depth w/c ratio Av. Depth Salinity (ppt) Temperature 
Chloride Content 
(% mass 
concrete) 
Estimated 
Chloride Content 
(% mass 
concrete) 
Varianc
e 
69 HPLS7a 22-26 0.47 24 30 25 ° 1.6785 1.3706 -0.31 
70 HPLS7a 29-35 0.47 32 30 25 ° 1.6477 1.3185 -0.33 
71 LPHS8a 0-5 0.37 2.5 40 25 ° 1.8464 1.4815 -0.36 
72 LPHS8a 8-12 0.37 10 40 25 ° 0.4129 1.2307 0.82 
73 LPHS8a 15-19 0.37 17 40 25 ° 0.4129 1.1346 0.72 
74 LPHS8a 22-26 0.37 24 40 25 ° 0.3307 1.0722 0.74 
75 LPHS8a 29-35 0.37 32 40 25 ° 0.3717 1.0202 0.65 
76 HPLS8a 0-5 0.47 2.5 40 25 ° 2.0379 1.8564 -0.18 
77 HPLS8a 8-12 0.47 10 40 25 ° 1.699 1.6056 -0.09 
78 HPLS8a 15-19 0.47 17 40 25 ° 1.2881 1.5096 0.22 
79 HPLS8a 22-26 0.47 24 40 25 ° 1.3594 1.4472 0.09 
80 HPLS8a 29-35 0.47 32 40 25 ° 1.0608 1.3951 0.33 
81 Control  1a 0-5 0.37 2.5 0 15 ° 0.4541 1.1937 0.74 
82 Control  1a 8-12 0.37 10 0 15 ° 0.3513 0.9428 0.59 
83 Control  1a 15-19 0.37 17 0 15 ° 0.2379 0.8468 0.61 
84 Control  1a 22-26 0.37 24 0 15 ° 0.2379 0.7844 0.55 
85 Control  1a 29-35 0.37 32 0 15 ° 0.3202 0.7324 0.41 
86 Control  2a 0-5 0.37 2.5 0 25 ° 0.351 1.1752 0.82 
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Sample # Concrete Depth w/c ratio Av. Depth Salinity (ppt) Temperature 
Chloride Content 
(% mass 
concrete) 
Estimated 
Chloride Content 
(% mass 
concrete) 
Varianc
e 
87 Control  2a 8-12 0.37 10 0 25 ° 0.3203 0.9243 0.60 
88 Control  2a 15-19 0.37 17 0 25 ° 0.2892 0.8283 0.54 
89 Control  2a 22-26 0.37 24 0 25 ° 0.2586 0.7659 0.51 
90 Control  2a 29-35 0.37 32 0 25 ° 0.2584 0.7139 0.46 
 
